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SYMPOSIUM ON INTERMOLECULAR ACTION* 
INTRODUCTION TO THE SYMPOSIUM* 

GEORGE SCATCHARD 

Research Laboratory of Physical Chemistry, Massachusetts Institute of Technology, 

Cambridge, Massachusetts 

Received November 1, 19S8 

. The Third Annual Symposium of the Division of Physical and Inorganic 
Chemistry of the American Chemical Society is the second in the field of 
physical chemistry, as the Second Annual Symposium was devoted to 
inorganic chemistry. The first symposium discussed molecular structure, 
or the character of molecules. The present symposium discusses the 
behavior of molecules, which is, of course, determined by their character, 
although in our present state of knowledge it is often impossible to predict 
behavior from character or even to relate a particular behavior to any 
specific characteristic. 

There is little, if any, chemistry not included under the two titles “Molec- 
ular Structure^' and “Intermolccular Action^^ It was therefore necessary 
to restrict the field of this symposium much more than the title indicates. 
It seemed logical to discuss first the behavior of a normal molecular society 
rather than molecules excited enough to undergo deep-seated chemical 
changes. Therefore kinetics were excluded by the committee, and it has 
been tacitly assumed by all the contributors that any consideration of 
chemical equilibrium should emphasize its change as the medium changes 
rather than its absolute value in any one medium. If a group of molecules 
in the ground state (electronic) may be likened to an agricultural society, 

1 This Symposium on Intermolecular Action was held, as the Third Annual 
Symposium of the Division of Physical and Inorganic Chemistry of the American 
Chemical Society, at Brown University, Providence, Rhode Island, on December 27 
to 29, 1938. The papers presented at the symposium were classified for discussion 
into five groups: Part I, Gases and Pure Liquids— J. C. Slater presiding; Part II, 
Non-polar Mixtures — H. Eyring presiding; Part III, Highly Polar Mixtures — J. G. 
Kirkwood presiding; Part IV, Polar Mixtures — N. Bjerrum presiding; Part V, 
Ionic Solutions— L. P. Hammett presiding. These papers follow the introduction 
in order, in this issue and in the February issue. 

The arrangements for the symposium were made by a committee consisting of 
G. Scatchard,. Chairman, E. J. Cohn, F. Daniels, H. Eyring, J. H. Hildebrand, 
L. S. Kassel, C. A. Kraus, V. K. LaMer, P. B. Leighton, and S. C. Lind. 

* Contribution No. 412 from the Research Laboratory of Physical Chemistry of 
the Massachusetts Institute of Technology. 
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we are to discuss pastoral communities. We have not excluded the no- 
madic molecular life as manifested in diffusion, viscosity, and conductance, 
but we have limited our field further by ruling out the very highly organ- 
ized molecular groupings of the solid state. 

There is also a historical reason for this choice of subject. If physical 
chemistry can be said to have begim at any specified date, that date is 
February, 1887, when the Zeitschrift filr physikalische Chemie was founded. 
The need for this journal arose from the great amount of work then being 
done on solutions, and such work has ever since filled a large part of this 
and similar journals. Even in the decade before 1887 the two subjects 
which seem to have thrilled the imagination of the inorganic chemist most 
were electrolysis and the liqtiefaction of gases. 

No symposium can be justified either by logic or by history. The justi- 
fication for this symposium must rest on the belief that the subject of 
‘Tntermolecular Action” is live enough in America today to afford a dis- 
cussion which will stimulate, clarify, and point the way for future work. 
Substantial evidence of this life and interest is the new laboratory at 
Brown University, which will be dedicated on December 27th and which 
is already busy with work largely in this field. 

The whole organization of this J 3 rmposiuin has been planned to promote 
discussion. Those speakers were invited who were expected to provoke 
discussion, and they were asked to present new work rather than reviews. 
Unfortunately this procedure has eliminated some contributors from 
whom we should like to hear but who have no work in this field maturing 
in December, 1938. The number of papers has been restricted and i)re- 
prints have been prepared, so that as much as possible of the time of the 
meetings may be devoted to discussion. The quality of the papers so 
obtained has exceeded our highest expectations, but we do not delude 
ourselves into taking credit for their quality, because we know that each 
of these papers would have been published somewhere if there had been 
no symposium. We do congratulate ourselves, however, that we have 
collected here the basis for a good discussion. 

The method of selecting papers has made it impossible to attempt to 
cover the field evenly or thoroughly, for the committee had no way of 
knowing that part of the field to which many of the speakers would con- 
tribute. Yet the papers group themselves with very little stretching into 
five nearly equal parts covering the six subfields in which we expected 
contributions. The groups have been arranged in the order of increasing 
complexity of the intermolecular action with one exception, — slightly 
polar mixtures have been placed after both non-polar mixtures and highly 
polar mixtures. The reason for this order is that it is simpler to study two 
coexistent actions by considering first the case in which one* exists alone, 
second the case in which the other predominates, and last the case in which 
the two are about equally important. 
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I shall make no attempt to review the large field of “Intermoleciilar 
Action” or to show its importance, but I cannot pass over the opportunity 
of gaining an insight into the present state of this branch of science and 
its rate of development by examining the distribution of papers, comparing 
it with the probable distribution if such a symposium had been held at 
some time in the past, and speculating a bit as to the reasons for the 
change. We must remember, of course, that a score of papers is not 
enough to eliminate the effect of requiring papers on a certain date and 
requesting that they be provocative of discussion, and I merely note in 
passing the improvement in precision both of measurements and of think- 
ing which has taken place in the last few years. To me three developments 
are outstanding: The first is that the theorists are no longer confining 
their attention to the crystal lattice or to very dilute gases or solutions, 
but now offer us studies of liquids and concentrated solutions from three 
or four points of view. The second is that the Debye theory of interiouic 
action appears to be no longer a question for discussion but is now taken 
for granted in the consideration of the more complicated effects of changing 
medium and of the detailed structure of the ions. The third, and perhaps 
the most important, is the growing recognition of the inherent unity of 
the subject “Intermoleciilar Action.” 




NOTE ON THE YEARNS PROGRESS IN THE PRECISE MEASURE- 
MENT OF THE EFFECTS OF INTERMOLECULAR 
POTENTIAL IN GASES^ ^ 


SAMUEL C. COLLINS and FREDERICK G. KEYES 

Research Laboratory of Physical Chemistry^ Massachusetts Institute of Technology, 

Cambridge, Massachusetts 

Received October 12, 1988 


INTRODUCTION 

Some years ago (6) the attempt was made to measure the change of the 
enthalpy, or the thermodynamic potential, with pressure at various con- 
stant temperatures for low pressures. The impulse prompting the efiFort 
originated in the attempt to obtain exact information about the properties 
of gases and gas mixtures at low pressure by extrapolation from the avail- 
able pressure, volume, temperature data, Joule Thomson numbers, and 
expansion coefficients. The preference for low pressure data is, of course, 
due to the interesting inferences which may be drawn as to the intcrmolec- 
ular potential through the application of statistical mechanics theory. 
Specifically, statistical mechanics establishes the fact that at low pressures 
(strictly zero })ressure) the equation of state of gases may be written 


V = 


RT 

V - Ro 


( 1 ) 


where Bo is a function of tiie temperature® and the intermolecular potential. 
For identical particles of the non-polar type, whose intermolecular po- 


* Presented at the Symposium on Intermolecular Action, held at BrownUniversity, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

* Contribution No. 409 from the Research Laboratory of Physical Chemistry of the 
Massachusetts Institute of Technology. 

* One of us has come to prefer this form of the equation rather than that more 
commonly encountered 

p» - 

The preference is based principally on the fact that in practice data are more readily 
correlated by equation 1. At low pressures the differences in form are of course 
insignificant. 
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tential, W, is spherically symmetrical (s states) the classical expression 
(high temperatures) is simple, vt 2 ,: 


Bo- 



( 2 ) 


where r is the distance of separation of particle pairs. 

It would be desirable to invert (9) this Laplace type integral equation 
and compute W = f(r) directly, but it is easily shown that no results of 
value would result unless very exact values (1 in 1000) of Bo at a series of 
temperatures were available. It is likely, however, that the methods 
employed to date, of using plausible and tractable forms for W and com- 
paring the computed results from formula 2 (or its more general prototype) 
with the observed Bo values, will lead ultimately to a sufficiently detailed 
knowledge of the intermolecular potential. 

Equation 2, restricted to the case where the classical theory applies, 
must be replaced by a more general expression at lower temperatures 
where quantized collisions occur (W>kT) or where polar molecules are 
involved. Present quantum theory provides such a general expression, 
indicating for example that the helium Bo values from classical theory 
will be too small (11,8) by perhaps 10 per cent at 100®K. and 27 per cent 
at 50°K. For molecules having greater mass the temperature range 
accessible to measurement is progressively higher; accordingly the classical 
expression for Bo requires only small correction to obtain a good approxi- 
mation for the general quantum statistical mechanics expression. 

The difficulty of obtaining exact Bo values over a long temperature 
range from p-v-T data is due on the one hand to the decreasing precision 
in the results at lower temperatures, because of adsorption of the gases on 
the walls of the container, and on the other hand to the technical difficulties 
and lack of chemical stability at higher temperatures. Joule-Thomson 
data at low pressures provide a means of deducing values of 


or, compactly expressed, 



provided exact values of are available. Joule-Thomson values at 
low pressures are, however, extremely difficult to measure. They are 
usually too small, and in the case of the more reliable high pressure data 
recourse must be had to relatively long extrapolations; this is not a serious 
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problem for the higher temperatures but is difficult at low temperatures, 
because of the more complicated relation between the coefficient and the 
pressure. The use of such data for the evolution of the intermolecular 
potential has recently been carefully considered generally and also for 
helium and argon in particular (5). 

Experience in correlating the existing data and in the attempt to measure 
values of the kind discussed above finally led to the belief that it might be 


possible to measure directly 


(m 

\8v 




Several years experience in 


attempting to measure the first of the two quantities (7) led to the opinion 
that no satisfactory results were possible, owing chiefly to the difficulty 
of controlling adsorptive effects. The attempt to measure the second 
quantity finally proved promising, and the development has passed through 
a number of stages. During the past year the latest form of apparatus 


has given very satisfying results, in the measurement not only of ( — ) but 

\8p/t 

also of Cp. We shall discuss below the significance of the quantities meas- 
ured and the apparatus used. A brief statement will also be made about 
a method of obtaining the magnitude of the intermolecular potential in 
the region close to the ^^boundaries” of the molecule. 


SIGNIFICANCE OP THE QUANTITY (5///6p)r 

The change of the enthalpy with pressure is virtually a direct measure 
of the effect of intermolecular forces in gases at low^ pressure. The quan- 
tity is related to the state variables v and T as follow^s: 



(3) 


w here r is used to denote the reciprocal of the thermodynamic* temperature 
T. The letter v represents the volume of a unit of mass; H represents the 
sum of the internal energy, { 7 , and the pressure-volume jiroduct, pv. 
Using equation 1 w’e find the relation^ 


dVT 


dBor .. V 
Tr" ■ 


( 4 ) 


* The quantity 



becomes 


R BBii 
(v — Bo)^ dr 

The quantity (dU/dp)r is also interesting, but neither quantity is at present sus- 
ceptible of accurate direct measurement. 
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which is solely a function of temperature, /(r). It follows then that Bo is 
given, where C is a constant of integration, by the equation 

Bo = Tf{T)dr + C (6) 

In the simplest case the right-hand ember of equation 5 may be equated 
to equation 2 and important information deduced about the intermolecular 
potential W. Relation 5, however, is capable of supplying information 
regarding W in the more general case treated by modern statistical me- 
chanical theory. 

It should be observed, however, that experimental limitations deprive 
us of values of Bq at temperatures where important information about W 
would otherwise be obtainable. Thus, by way of example, it would be 
desirable to possess exact values of Bo for nitrogen, carbon dioxide, me- 
thane, water, etc. at temperatures up to 1000®C., but there is little likeli- 
hood that accurate measurements of (5///5p)r can be pushed to anything 
approaching this value.® 

The fact seems clear that attainable values of {bH / bp) t, or equivalent 
information from the measurement of the Joulc-Thomson effect, or p-t^-T 
measurements can lead to only a part of the desirable information about W. 
The only exception to this statem^mt is possibly in the case of those gases 
whose negative potential is small and for which the values of Bo are in 
consequence positive over a range of temperature which is greatest for 
helium and progressively less for helium, hydrogen, neon. 

The attempt to perfect other and independent means of securing in- 
formation about W corresponding to high temperatures has achieved some 
success during the past year, owing to the indefatigable efforts of our 
colleague. Dr. I. Amdur. His mcithod consists in measuring the scattering 
of neutral hydrogen atoms in the form of a beam, projected into particles 
of interest, at controlled velocities up to many times the particle velocities 
in a static gas at attainable temperatures. Quantum mechanics gives 
information regarding the molecular field of the test particle, the hydrogen 
atom. Using the scattering data the expectation is that it will be possible 
to compute the intermolecular field of the molecules into which the atoms 
are projected. 


THE MEASUREMENT OP {bH/bp)T 

In principle a gas under constant fore pressure is allowed to expand 
through the resistance offered by a porous plug against a constant effluent 
pressure. In order that the temperature may remain unchanged, energy 

* Reliable values of p-v-T were obtained for water to 460®C. The time and ex- 
pense involved were, however, almost prohibitive. 
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must be added or subtracted from the gas either (o) during the course 
of the pressure drop in the plug, or (6) after the gas has completed its ex- 
pansion (1, 3).® The measure of {bH/bp)x is the ratio of the amount of 
energy H divided by the attendant pressure drop for a unit of the gas, 
the temperature remaining invariable. 

While the concept of the measurement is simple it proved, at least in 
our hands, very difficult to reach the precision desired. The first results 
of quantitative value were obtained using ammonia and carbon dioxide. 
The expansion took place in a fine metal capillary tube through which an 
electric heating current passed (6, 4).^ The experience gained led to the 
construction of an improved apparatus, in which a heater comprising in 
itself the porous plug was inserted in a thin-walled glass capillary. With 
this apparatus submerged in an oil bath, measurements were made using 
steam. The steam measurements were finally concluded using an all- 
metal device and the results were published (2). Recently a second all- 
metal apparatus, which embodies the ideas suggested by the experience 
gained, has been designed and executed. The new model is designed for 
use at temperatures from —180° to 400°C.; with small modifications it 
can be adapted for measurements to --253®C. or possibly lower. 

DESCRIPTION OP THE APPARATUS 

The essential features of the device are represented in figure 1. They 
consist of the calorimeter proper with its capillary 19, integrating shield 
21, equalizing chamber 22, and heat guard 20, the heat ballast 16, the 
thermostat 8, the heat exchanger 5, the liquid air pot 25, radiation shields 
2 and 3, and the vacuum case 1. The calorimeter is shown in greater 
detail at the right of the figure. The outer shell is the heat ballast, a float- 
ing member which assumes the temperature of the inlet gas. The tem- 
perature of the inlet gas is measured by the platinum resistance thermom- 
eter 28 placed in a super nickel tube 1 1 . The gold leads of the thermometer 
pass through the heat station 27, which also possesses the temperature of 
the inlet gas. Because of the considerable heat capacity of the heat bal- 
last, short-time variations of temperature can not occur. 

The capillary is partially plugged with the heating element 40. Sub- 
stantially all the flow-resistance of the calorimeter is produced by the 
heater. Because of the resulting turbulence, heat is transferred from 
heater to gas with a minimum thermal gradient. The experimental gas 
passes from the capillary into the equalizing chamber, the function of 

* Buckingham was the first, we believe, to appreciate the importance of embedding 
the heater in the plug. 

^ Eucken, Clausius, and Berger have measured {6H/Sp)t by method b, whereby air 
cooled by its Joule-Thomson effect was reheated to the temperature of admission to 
the plug. 
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which is to remove certain kinetic energy effects attendant upon the high 
velocity of the gas stream through the capillary and thereby to insure 
equality of temperature between the gas and its surroundings. The 
chamber is fitted with several disks of copper gauze, which are perpendicu- 
lar to the gas flow and soldered to the case at their edges. The outlet 
temperature is measured by the platinum resistance thermometer 35. 
The heat guard 20 is a heavy copper vessel completely surrounding the 
calorimeter, except for small openings where the gas enters and leaves. 
It is equipped with a heater 34, by means of which its temperature may be 
kept the same as that of the equalizing chamber 22. A five-junction 
differential thermocouple with opposite junctions at 41 and 37 serves to 
indicate the thermal balance. The heat guard prevents exchange of heat 
with the surroundings by radiation and by conduction along tube 12. 

The thermostat 8 consists of a copper tube 3 in. in diameter and 17 in. 
long, with a wall thickness of | in. It surrounds the heat ballast and 
calorimeter. The experimental gas which flows through an 8-ft. length of 
in. copper tubing soldered to the outer surface of the thermostat is 
brought into thermal equilibrium with it. By means of a thyratron 
circuit arranged for phase control the temperature can be kept constant 
to O.OOl^C. The sensitive element is a resistance thermometer which is 
held in good thermal contact with the thermostat. The obvious advan- 
tage of this thermostat is that all liquids are avoided and the same equip- 
ment may be used over the entire range of temperature from — 180°C. to 
400°C, 

The heat exchanger 5, in which the incoming and outgoing streams of 
gas remain in approximate thermal equilibrium, conserves heat when the 
calorimeter is being operated at high temperatures and conserves refrigera- 
tion at low temperatures. A section of the heat exchanger is given in the 
enlargement at the center of the sketch. Three concentric tubes are 
shown. The central tube is stopped so that the gas flows in opposite 
directions in the two annuli. The width of each annulus is held constant 
by a spiral of nickel wire of the correct size. The two gas streams are 
thus spread out in thin layers with a thin layer of metal between them. 
Such an arrangement has proved to be very effective. 

When the calorimeter is being operated at low temperatures, Uquid air 
is placed in the container 25, and a certain fraction of the experimental 
gas is diverted from its usual channel by means of the two-way valve 7 
and caused to flow through the coiled tubing 26 within the liquid air bath. 
Thus cooled it is mixed with the remainder of the gas stream at 14. The 
lower the temperature required, the greater the fraction that must be 
cooled. 


MODE OF OPERATION AND RESULTS 

The mode of use is set out completely in the paper on steam (2) but 
may be reviewed here very briefly. Since the quantity H is being meas- 
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ured, it is convenient to begin by writing a general expression for the 
quantity as follows: 


H 



dT + rpop + tj/ip^ 


+ h 


(5) 


Here 


from the equation of state following : 


p = 


RT 

v-B 


B = Bo <pip + • • • 

Denoting the initial condition before the gas experiences the pressure fall 
by the subscript i, and the final condition by/, we find 

Hf — Hi = f Cp dT + >pojPf — ^o«p» + • • • + A (6) 

jTi 

Where the fall in pressure is accompanied by an absorption of energy (cool- 
ing Joule-Thomson effect), Ti may be made equal to T/ and equation 6 
becomes 


Hf — Hi = — ^o/(p< — P/) — ^i/(p? — P/) (6a) 

A number of gases, however, exhibit a negative Joule-Thomson effect, 
and it would be necessary to abstract energy; this is an impossibility with 
the electric heater.* In the former case, however, a series of measurements 
at various values of p< are made for Tf = Ti, thereby giving the values of 
lAo, ^ 1 , etc. Measurements where Tf > Ti may then be used to give values 
of the quantity 



C® dr 


The plan proved successful in the case of steam, where measurements 
were secured for pi as low as 60 mm. and p/ as small as 6 mm. over the 

' It is proposed to obtain values of for helium from — 180°C. to as high tem- 
peratures as the apparatus permits, having in view the permeability of metals to 
helium. In this range 'i't is positive, and it will not be possible to apply the con- 
dition Tf — r,. The heat capacity is, however, known, and «'i is known from J. R. 
Roebuck’s Joule-Thomson work to be small. At the very low pressures (1 to 4 atm.) 
at which the work is to be conducted, equation 6 may be used to evaluate '4' •. 
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temperature range 39 to 125®C. The Bo values for steam are now believed 
known to better than 1 per cent for 40® to 460®C. and are given by the 
equation 


Bo(cc. per gram) = 1.89 - 2641.62rl08087or2 ^ ( 7 ) 

ABo = 4.136 X lO^V^ - 0.543 X 

When the latest form of apparatus was designed nearly two years ago 
we expected first to obtain Bo values for heavy and light hydrogen, since 

TABLE 1 


Remits of measurements on nitrogen 


t 

P* 

Pf 

Tf~Tv 

^0 

i Cp 


“C. 

aimo»pher€8 

atmoapheres 

degrees 

joules per 
gram-atmosphere 

joules per 
gram-degree 

degrees per 
atmosphere 

30.60 

2.500 

1.310 

-0.019 

0.2144 




30.61 

2.501 

1.309 

-f 0.007 

0.2096 




30.61 

2.573 

1 310 

+0.002 

0.2118 




30.86 

2.501 

j 1.309 

+0.365 

0.2128 






1 


0 2122 

(Av.) 



30.86 

2.501 

1.309 

+0 365 

0.2122 


1.036 

0.2048 

30,81 

2.501 

1.309 

+1.252 

0.2122 


1 035 

0.2050 







1 033* 

0.2055t 

42.67 

2.559 

1.021 

+0.022 

0.1990 




42.91 

2.558 

1.021 

+0.249 

0.2072 








0.2031 

(Av.) 



42.91 ' 

2.558 

1 .021 

+0.249 

0 2031 


1 026 

0 1980 

43.29 

2.521 

1.000 

+1.072 

0.2031 


1.045 

0.1944 







1 .033* 

0 1890t 

75.18 

2.543 

1.308 

+0.027 

0.1621 




75.01 

2.547 

1,309 

+0.026 

0.1591 





i 



0.1606 

(Av.) 



75.18 

2.547 

1.309 

+0.357 

0.1606 


1 031 

0.1588 

75.78 

2.547 

1.309 

+1.555 

0.1606 


1.053 

0.1525 







1.034* 

0 1505t 


* Partington and Shilling: The Specific Heats of Gases, p. 145. D. Van Nostrand 
Co., New York (1924). 

t Values taken from Roebuck and Osterberg (Phys. Rev. 48 , 450 (1935)). 


these values would provide data for testing the quantum statistical me- 
chanical expression for J?o. (Recently, however, values have been pub- 
lished by K. Schafer (10) .) A few preliminary measurements for hydrogen 
have been completed. However, owing to the need of accurate Bo values 
for nitrogen on the part of Professor Beattie and his group for use in reduc- 
ing a large body of gas thermometry data, measurements on nitrogen were 
undertaken. The results obtained (table 1) are not definitive values but 
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represent fairly what may be expected by way of consistency in the 
measurement of ^o, Cp, and the Joule-Thomson coefficient fi. 
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The equation of state for gases is intimately connected with the law of 
force between the individual molecules. We are interested in making 
this relationship explicit. From a set of accurate measurements of PVT 
or Joulc-Thomson coefficients, we should obtain the energy of interaction, 
E{r), of a pair of molecules separated by a distance r. Or, conversely, if 
E{r) is calculated from the quantum-mechanical perturbation equations, 
we should derive the corresponding equation of state. Fowler (6), Len- 
nard-Jones (14), and others have expressed the second virial coefficient in 
terms of E{r)f so that the experimental data at low pressures determine 
the interaction energy. However, the experimental difficulties in obtain- 
ing the imperfections of gases accurately at lo\v pressures restrict the use 
of this method of analysis to a comparatively few simple substances which 
have been studied with extraordinary care. For this reason, it is desirable 
to perfect an equation of state which is fairly accurate for high pressures 
and which still can be interpreted in terms of the intermolecular forces. 
In this paper we consider first what information can be obtained from 
experimental data at low pressures and then that from data at high 
pressures. 


I. INTERPRETATION OF LOW-PRESSURE DATA 

The equation of state for gases at reasonably low pressures can ah^’ays 
be written in the form (6, 27) : 

where C'{T), D\T) are functions of temperature but not of pres- 

sure. These are usually referred to as the second, third, fourth .... virial 
coefficients, respectively. There is some ambiguity in the literature as 
to the definition of the virial coefficients, but in the course of this paper we 
shall always define them with reference to equation 1. The interpretation 

^ Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

15 



16 


J. O. HIRSCHFELDER AND W. E. ROSEVEARE 


of these virials in terms of the law of force between a pair of molecules was 
carried out by Ursell (27), Fowler (6), and others so that we can write: 

1—6 jdr (2) 

Here E(r) is the energy of interaction of a pair of molecules separated by a 
distance r, k is the Boltzmann constant, and N is Avogadro^s number. 
The derivation of this formula requires that the collisions between the 
molecules be treated according to classical mechanics. We wish to con- 
sider equation 2 as an integral equation for the determination of E(r), If 
we knew B\T) over a large temperature range, we should be able to 
determine E(r) with some precision. Lennard-Jones (14) made a real 
contribution to the study of gases when he showed how to perform the 
integration in equation 2 on the assumption that 


B'{T) = 2tN 


i: 


E(r) 



— c/r® -|- Z/r* 


(3) 


This form for the potential is roughly what we would expect on the basis 
of quantum mechanics. Hero ro is the separation for which the potential 
is zero, and E^ is the energy required to separate the molecules from their 
equilibrium separation. Substituting the Lennard-Jones potential into 
equation 2 we obtain 

B'(T) = boF. (0^ " (4) 

where 6o is the van der Waals b for molecules with a diameter ro (i.e., bo 
= jirJVro) and F, is a function of En/kT, which Lennard-Jones has tabu- 
lated for different values of s. It has not been possible to determine s 
accurately from the experimental data, since the curves corresponding to 
different values of s have nearly the same shape. For many substances 
the indications seem to point to a value of s in the neighborhood of 12, and 
we shall use this in our analysis. Figure 1 shows B'{T) or Fa plotted as a 
function of E„/1cT. This form for the second virial coefficient is valid for 
all substances to which this Lennard-Jones potential applies. 

It is interesting to examine the van der Waals constants which would 
be obtained for molecules obeying this inverse twelfth-power repulsion 
and inverse sixth-power attraction law. Expanding van der Waals’ equa- 
tion in powers of 1/F it is easy to show that B'{T) should equal b — a/RT. 
From this relationship a and b might be determined from the experimental 
secoiid virial coefficient. Plotting B'(T) against 1/T (as in figure 1), a 
straight line would be drawn through the experimental points and the 
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intercept for l/T = 0 would be the value of b. From the curvature of 
Fit it follows that if the experimental data are given for high temperatures, 
the value of b obtained will be considerably smaller than bo, while low- 
temperature observations will yield a much larger value for b. Table 1 



Fia. 1. Second virial coefficient as a function of temperature 


shows the temperature variations of o and b obtained in this manner. 
Since these experimentally determined a and b change by almost a factor 
of 2 in going from the critical temperature to the low-pressure Boyle point 
(i.e., the temperature at which B'(T) = 0), we should not think of them 
as constants. 
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The Beattie-Bridgeman equation (1, 2, 3, 4) is perhaps the best empiri- 
cal equation for representing the p, V, T for gases up to pressures of the 
order of 100 atm. Here: 

pV2 = RT{1 - c/{VT^)){V + Bo- hBo/V) - Ao{l - a/V) (5) 

And, expanding the right-hand side in powers of V, it follows that 

B\T) ^ Bo- Ao/RT ~ c/r (6) 

This expression for the second virial coefficient agrees with the second virial 
coefficient obtained from the Lennard-Jones potential over a wide tem- 
perature range, if c has the proper value with respect to Bo and Ao. Let 
us suppose for the time being that the molecules which we are considering 
actually obey the Lennard-Jones potential with the inverse twelfth-power 
repulsive and inverse sixth-power attractive energy and that our gas has 
been studied in a temperature range lying roughly between the critical 


TABLE 1 


Temperature variations of a and b 


BmfkT 



0.893 

1.616 

4.154 

0.709 

1.272 

3.717 

0.563 

1.072 

3.397 

0.448 

0.943 

3.141 

0.355 

0.861 

2.934 

0.282 

0.801 

2.743 

0.224 

0.754 

2,555 

0.178 

0.716 

2.363 




Tet critical temperature 


Tb, Boyle point (low pressure) 


temperature and the low-pressure Boyle point. Then we expect equations 
4 and 6 to agree at the three temperatures corresponding to Em/kT = 
0.7906, 0.4989, and 0.2924, from which it follows: 

Em = 0.04127 X 10-^^Ao/{RBo) ergs (7a) 

6o = 1.249Bo (7b) 

Now, there is a third relationship between c and the constants Ao and Bo 
which is fulfilled only if the molecules octiuilly satisfy the Lennard-Jones 
potential: 

c = 0.0236 Al/iBBl) (7c) 

Equation 7c can therefore be used as a test for the validity of this potential 
energy function. Table 2 compares the values of Em and of ho calculated 
from equations 7a and 7b with the values given by Lennard-Jones (15). 
Here we use the values for the constents given by Beattie and Bridgeman 
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(4). In the last two columns we compare the values of c calculated by 
equation 7c with the values observed. The agreement is good for neon, 
argon, nitrogen, and carbon monoxide and fairly good for hydrogen, oxy- 
gen, carbon dioxide, nitrous oxide, and methane. However, it is poor for 
helium, ethylene, ammonia, and diethyl ether. Most probably the con- 
stants for the helium were fitted at a temperature very high compared to 
the critical point, and so our method of calculating the molecular constants 
for helium is not justifiable. Ammonia may be partially polymerized. 

The Lennard-Jones potential is quite satisfactory for the analysis of the 
experimental second virial coefficients, but not quite accurate enough to 


tablb: 2 

Values of 6o, and c 


GAB 

bo 

(calcu- 

lated 

FROM 

BEATTIK- 

BRIDGK- 

man) 

1 bo 

(calcu- 
lated 
! FROM 
t LEN- 
NARD- 
JONES) 

Em 

(CALCULATED 

FROM 

BEATTIE- 

wridgeman) 

Em 

(calculated 

FROM 

LENKARD- 

JONBS) 

1 ^ ■ : 

(CALCU- 1 1 

LATED * C 1 

FROM {(observed)! 

EQUATION ' 

7c) . ; 

AGBEB- 

MEMT 


cc. per 
mole 

CC. per 
mole 

ergs 

ergs 

liters per 1 
degree^ 
mole 1 

Ixters per , 
degree* j 
mole 


Ne ... 

25.73 

26 04 

5.19X10-1^ 

4.881X10-1* 

966, 

l,010|j 


A . . 

49.10, 

50.02 

I 16.51 

16.50 

50,400 

59,900li 

> Good 

N, 

63 02| 

64 94 

13.40 

13.24 

! 40,700: 

42 , 000 ! 

CO 

63 02' 

1 

1 

13.40 

13.36 

40,700; 

42,000, 


H, .... 

26.18 

1 i 

1 31.41 

4.74 

4.246 

1 

749: 

504,1 


O 2 

57.75 

1 

! 16.22 

16.97 

66 , 200 ’; 

48,000j 


CO 2 

130.85 

1 j 

i 24.03 


488,000! 

660,000 

^ Fair 

N 2 O . . 

130.85 


24.03 


488,000i 

660,000; 


CH 4 . . . 

69 78 


20.49 

19.70 

161,0001 

128, 000 J 


He 

17,49 

21.41 

0,776 

0.950 

2.19 

40i] 


C 2 H 4 . 

151.8 


25.45 


673,000! 

227,000 1 

y Poor 

NHa 

42.65 


35.24 


502.00014,769,000! 1 

(C2H5)20 . . 

567.6 

1 

34.61 

1 


6.325.000j 

333,000|J 

1 


fit the Joule-Thomsoii coefficients of Roebuck and his co workers (21, 22, 
23, 24). The Joulc-Thomson coefficients can be obtained with great 
accuracy, since they involve only a measurement of temperature and 
pressure. The second virial coefficients are accurate to several significant 
figures less than the pressure-volume data from which they are obtained. 
It was shown in a previous communication (10) that the Joule-Thomson 
coefficient extrapolated to zero pressure, fto, is simply related to the second 
virial coefficient: 

'^“^+‘c;drV T ) 


( 8 ) 
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where Cl is the specific heat at constant volume extrapolated to zero 
pressure. Cj can be calculated very accurately for many substances from 



Fio. 2. Nitrogen: Joule-Thomson coefficient extrapolated to zero pressure. •, 
experimented observations by Roebuck and Osterberg; O, calculated Lennard- 
Jones potential, s » 12; X, calculated Lennard-Jones potential, s » 9. 

an analysis of the spectroscopic energy levels. Substituting equation 4 
into equation 8 we obtain the relation: 


Mo = 


(9) 
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Here the G^iEm/kT) are functions of temperature which have been tabu- 
lated for different values of s. The determination of the two constants 
6o and Em is a simple job in curve fitting. For the case of nitrogen, we 
used the spectroscopically determined specific heat values of Trautz and 
Ader (26) in equation 9. Figure 2 shows the agreement which is obtained 
between the calculated Joule-Thomson coefficients and the values meas- 
ured by Roebuck and Osterberg (23). The best values for 6o and Em were 
as follows: 



bo 

Em 


ec. 

ergo 

s =« 9 

73.3 

9.95 X 

s - 12 

64.9 

13.24 


These are the san\e as the values obtained by Lciinard-Jones from his 
analysis of the second virial coefficients (14). It will be noticed that the 
calculated and observed values agree well for the high-temperature region, 
but the calculated values arc too small at lower temperatures. If the 
two constants were chosen so that the fit was good for both the high and 
the low temperatures, it would be unsatisfactory in the intermediate 
region. We believe that a more accurate potential curve, perhaps one in 
which the repulsion varies exponentially with the separation, would give 
a better fit. 

Gaseous mixtures are the simplest example of chemical vsolutions, and 
they should be useful in studying the laws of mixing and the interactions 
between unlike molecules. We can apply the same nu^thod of analysis to 
these mixtures that we used for the pure components. The laws of mixing 
at low pressures are well known (6). If we let N\ and be the mole 
fractions of components 1 and 2, 

{ClU.. = + N^iClh (10) 

and 

= N\B\T), + 2N^N,B'(T),, + NlB'{Th (11) 

where B'(T)ia is the second virial coefficient concerned with the collision 
of unlike molecules. It differs from the coefficient for pure components 
(2), only in having E(r)it, the energy between unlike molecules, in place of 
E(r). Substituting equations 10 and 11 into equation 8 for the Joule- 
Thomson coefficient: 

0 _ Nl [(Oi + R]ni + Nl [(C°)2 + R] (t2 + 2JV,A raA,a 

” R + Nx{Clh + NM)2 


( 12 ) 
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Here 

= -2tN r* [l - (l - e~ ] dr (13) 

And, using the Lennard-Jones type of potential, 

An = ibo)nG.aEm)n/m (14) 

The analysis of the law of force between two unlike molecules then consists 
in solving equation 12 for An for many different values of the temperature. 
These experimental values of An serve to determine the (60)12 and (i?m)i2 
of equation 14. For each mixture we obtain a different value for A 12 at a 
particular temperature. The consistency of the experimental data is then 
demonstrated by the agreement or disagreement of these values obtained 
from different mixtures. The law of mixtures has been derived from rigor- 
ous statistical mechanical considerations, so that any disagreement must 
be due either to experimental errors or to factors which have not been 
taken into account in this treatment. We examined the experimental 
Joule-Thomson coefficients for mixtures of helium and nitrogen measured 
by Roebuck and Osterberg (24). The spread in the experimental A 12 is 
large, and it is difficult to make an accurate analysis. We obtained the 
best agreement with the experimental data when the collision diameter for 
the unlike molecules, (ro)He-Ni? taken to be the arithmetical mean of 
the collision diameters for the pure components, i.e., 

(^o)He~N2 = l/2((^o)He + (ro)N2) 

= 1/2(2.57 + 3.72) = 3.15A. 

and the coefficient of van der Waals attraction for the unlike molecules, 
CHe-N2> ^as taken to be the geometrical mean of the coefficients for the 
pure components,* i.e., 

CH-.N2 = = (0.1522 X 14.0)^^* X 

= 1.46 X 10~®® ergs-cm.® 

Figure 3 compares the calculated and observed Joule -Thomson coefficients 
for the four mixtures studied. It is only in the case of mixture No. 1 that 
the discrepancy is large. An error of 1 per cent in the quantitative analysis 
of the mixture would be sufficient to account for the difference. In any 
event, (ro)He-Nf is determined within 2 per cent and cho-N 2 within 10 per 

• J. Corner, an associate of Lennard-Jones, has pointed out to us in a private com- 
munication that the Slater-Kirkwood formulation of the coefficient of van der Waals 
attraction betweenunlike molecules would lead to a value of CN«-He within 1 per cent 
of the geometrical mean. For other mixtures he might not expect this law to hold 
so accurately. 
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cent for the potential between the unlike molecules. This type of inter- 
action between unlike molecules has been utilized extensively by Hilde- 
brand (8) in his work on the solubilities of non-polar substances. 

We attempted to make a similar analysis of mixtures of argon and 
helium, which have also been studied by Roebuck and Osterberg (work 
unpublished). In this case, the A 12 obtained from different mixtures had 
systematic variations, so that no definite conclusions could be reached. 
The discrepancy might be attributed to an unmixing of the gases in passing 
through the porous plug, although this explanation seems very unlikely. 



Fig. 3. Helium-nitrogen mixtures: Joule-Thomson coefficient extrapolated to 
zero pressure. — , experiments of Roebuck and Osterberg; X, calculated values. 
Curve I, mixture No. 1, 75.5 per cent helium; curve II, mixture No. 2, 51.0 per cent 
helium; curve III, mixture No. 3, 33.2 per cent helium; curve IV, mixture No. *1, 
16.6 per cent helium. 

II. A LIMITING EQUATION OF STATE FOR HIGH TEMPERATURES 

As the temperature becomes high compared to the critical temperature 
we might suppose that the equation of state for a gas would approach some 
simple limiting form. Experimentally, it is found that at sufficiently high 
temperatures the internal energy of a gas at constant temperature is a 
linear function of the density. Michels, Bijl, and Michels (19) have 
found that this is true for carbon dioxide up to pressures of 3000 atm., 
where the Beattie-Bridgeraan equation no longer applies (20). The 
black lines in figure 4 show the results of measurements of Michels, Bijl, 
and Michels. The circles are points calculated from the Beattie-Bridge- 
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DENSITY, J , IN AMAQAT UNITS 
Fio. 4. Carbon dioxide; internal energy aa a function of density 


man equation for a temperature of 160®C. For this equation of state, the 
internal energy, U, has the form: 

Ul= UoiT) - (Ao + 3i2c/r*)/F - l/2i-aAo + 3BcBt/'n)/V^ 

+ flcbBo/(r*P) (16) 

At high temperatures it approaches the form: 

U =* UoiT) - Ao(l - 1/2 o/F)/F 


(16) 
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This expression would give the best agreement with the experimental 
data at the high temperatures if a were taken to be 0. The internal 
energy cannot keep on decreasing with increasing density, but perhaps 
the correction factor should be introduced as an exponential with volume, 
as has been pointed out by Kincaid and Eyring (13). Our present diffi- 
culty is that we do not know how to interpret the Beattie-Bridgeman 
constants, a and b, in terms of the intermolecular forces. However, if we 
take the internal energy to be a linear function of the density, we are led 
to a simple equation of state which has a simple interpretation on the 
basis of the Menke probability functions (18). 



Pic. 5. Steam: internal energy as a function of density 


For pressures in the neighborhood of 100 atm. the Beattie-Bridgeman 
equation is excellent. Up to pressures of this magnitude at high tempera- 
tures, this equation gives the internal energy to be very nearly a linear 
function of the density. In figure 5 we have plotted the measurements of 
Keenan and Keyes (12) for the internal energy of steam as a function of 
density for various temperatures. At the high temperatures we obtain 
accurate straight lines. For temperatures near the critical point there 
are deviations. The experimental values of Roebuck for air (21) provide 
another example where the internal energy is a linear function of the 


density. 


This relationship requires that 



I be a constant independent 

T 
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of pressure for each temperature. Table 3 shows that this is true within 
the irregular variations of the data. 

At low temperatures the linearity of the internal energy with density 
still holds for all dilute gases. Hildebrand (8) has shown that it is also 
true for the so-called ^^normal liquids.’' We do not know whether the 
internal energy of these liquids lies along the same straight line as the 
internal energy of the gas. In figure 6 we have plotted the internal energy 
of n-butane in the temperature range lying between the critical temperature 
and the ordinary boiling point (from the work of Sage, Webster, and Lacey 
(25)). The fact that the internal energy of the liquid has a different slope 
from that of the gas in the (;ases of water and of butane may be due to 
hindered rotation in the condensed phase. Many liquids must be studied 
in this manner before any definite conclusions can be reached. 

TABLE 3 
/^\ 

Values of [ 1 I for air 

Vv/t 


p 

-75“C. 

-50*0. 

50*0. 

lOO-C. 

i 

20t;*C. 

atm. 



* 



1 

1767 

1618 

1606 

1498 

1429 

20 

1685 

1673 

1510 

1529 

1400 

60 

1692 

1693 

1601 

1544 

1380 

100 

1712 


1499 

1574 

1392 

140 

1753 

1603 




180 


1576 





The deviations in the critical region can be explained on the basis of 
fluctuations. In the vicinity of the critical point it follows from statistical 
mechanics that there is almost the same probability that in a small unit 
of volume at any instant there will be n molecules more than the average 
as that there will be n molecules less than the average. But the dense 
regions give disproportionately large negative contributions to the internal 
energy. We know from opalescence and related effects that the fluctua- 
tions in the critical region are large. Perhaps the most pertinent evidence 
is obtained through the specific heat at constant volume.. Gibbs has shown 
that quite generally, 

“ R'P 

where U is the instantaneous value of the internal energy and the bars 
represent the time averages (6). Thus C. is a direct measure of the 
fluctuations in the internal energy. Michels, Bijl, and Michels (19) find 
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that the specific heat at constant volume of carbon dioxide has a sharp 
maximum at the critical point. Quantitative estimates of the effect of 
these fluctuations arc of the right order of magnitude to explain the devia- 



tions from the linearity of the internal energy with density. The constants 
in the Beattie-Bridgeman equation are chosen so that the equation of state 
fits the experimental data in this region in spite of the fluctuations. Such 
a choice of constants is certainly desirable from a practical standpoint, 
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but it makes it more difficult to interpret these constants in terms of the 
molecular forces, than if they were chosen to fit a temperature range 
where fluctuations are unimportant. 

Suppose that the internal energy, U, is a linear function of the density, 
i.e.. 


U 


RT^ AB'iX) 
V dr 


+ urn 


(17) 


For the time being, B'{T) could be a general function of temperature, but 
we will soon identify it with the second virial coefficient defined in equa- 
tion 1 . From thermodynamics we know that 

(18) 

where A is the maximum work function. Combining equations 17 and 
18 and integrating with respect to the temperature, keeping the volume 
constant, we obtain the relation for A : 

(19) 

The last term is the constant of integration. Now, using this expression 
for A in the thermodynamical equation of state, 

For large specific volumes the equation of state must reduce to the virial 
equation 1 and this gives a positive proof that B'T in equations 17 to 20 is 
actually the second virial coefficient. The linearity of the internal energy 
with density is equivalent to the temperature independence of the third, 
fourth, etc. virial coefficients. 

The form for f{V) can be obtained explicitly on the assumption that it 
is the same as for rigid non-attracting spheres. At very high temperatures 
where £„ < < kT, the molecules approach this ideal and equation 20 
should still apply. Under these conditions Happel (7) has evaluated the 
third and fourth virial coefficients in terms of the space in which the hard 
spheres overlapped. He obtained C' = 0.6256* and D' = 0.28696*, where 
6 is the van der Waals constant corresponding to a rigid collision diameter, 
r. Hirschfelder, Stevenson, and Eyring (10) showed that asymptotically, 
as the molecules become very close packed, the van der Waals or the Hap- 
pel equation becomes: 


(p -H 0/7*) (F - 0.71636*'»F*'») = BT 


( 21 ) 
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Here the constant 0.7163 is a geometrical factor made up of pure numbers 
such as IT, \/2, etc., calculated on the assumption that the molecules are 
packed into a body-centered lattice; face-centered packing would have led 
to a value of 0.6962 instead. The requirement that HappeFs equation 
should agree with equation 21 throughout the liquid range of densities 
serves to evaluate the fifth virial coefficient. Comparing this virial equa- 
tion with equation 20 we obtain the equation: 

P = y (1 + B’iT)/V + 0.6256V^' + 0.2869bVF» + 0.192857^^*) (22) 


This relation follows as a direct consequence of the linearity of the internal 
energy with density, and the assumption that at sufficiently high tempera- 
tures the molecules behave like rigid non-attracting spheres. This equa- 
tion of state differs from that of Hirschfelder, Stevenson, and Eyring (10) 
only in the form of the second virial coefficient. 

The Joule -Thomson coefficient as a function of pressure provides a very 
sensitive test for the validity of equation 22. At zero pressure mo is a func- 
tion only of the second virial coefficient; at high pressure the Joule-Thom- 
son coefficient depends on all of the virial coefficients in an important way. 
From simple thermodynamical considerations: 




And from equation 22 it follows that 

c. = c: - 


RT d\TB'{T)) 

Y d'P 


_ F L 

\dT)p ~ f f 


, RTB'iT) ,RT,j.,^,. 

V + + Cv)m0 

„ + -bt± 

V + y, «■' ^y ^ yt 


Here, of course, we have abbreviated 

= 0.625 ^ + 0.286957^’ + 0.192867^^ 


(23) 

(24) 

(25) 

(26) 

(27) 


We can compare the results of this equation with the experimental Joule- 
Thomson coefficients for argon obtained by Roebuck and Osterberg (22). 
In a previous communication, we found a potential energy function, E{r), 
from which we calculated n<, in agreement with the experimental values. 
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This potential energy also served to evaluate B'{T). Therefore when we 
consider the Joule-Thomson coefficient at high pressures, the only constant 
which we can adjust is the value of van der Waals 6. Figure 7 compares 
the experimental Joule-Thomson coefficients of Roebuck and Osterberg 
with the values which we calculate on the assumption first that 6 = 40 



Fig. 7. Argon: Joule-Thomson coefficient. O, calculated, b “ 40 cc.; X, calcu- 
lated, h — 35 cc.; #, observed by Roebuck and Osterberg. 

cc. and then that & = 35 cc. For 6 = 40 cc. the agreement of the calcu- 
lated with the experimental values is surprisingly good. However, it is 
clear that a slightly smaller value of b would give better agreement at the 
higher temperatures and a slightly larger value for b is indicated for the 
lower temperatures. Van der Waals’ b for argon, calculated in the manner 
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of the first section from low-pressure measurements, is 37 cc. for 300®C. 
and 47 cc. for 0®C. From the Cailletet and Mathias relationship con- 
sidering the liquid to be close packed, 6 = 41.2 cc. The critical constants 
give b = 32.3. Thus the value of 6 = 40 cc., which the experimental 
Joule-Thomson coefficients indicate, is in accord with the value of b 
determined by the usual methods. The van der Waals b which we have 
used corresponds to the molecules having collision diameters 7 per cent 
smaller than the diameter at which their energy of repulsion exactly 
compensates the energy of attraction. We conclude from the above 
analysis: (/) The assumption that the third and higher virial coefficients 
are constants provides a good first approximation. (^) The values of the 
third and higher virial coc^fficients can be closely linked with the collision 
diameters or van der Waals 6, and the values thus obtained are in close 
agreement with the results of other experiments. 

Up to this point, our approach to the equation of state has been from 
the standpoint of pure thermodynamics. Now let us examine the sig- 
nificance of the linearity of the internal energy with density from the 
standpoint of the individual molecular interactions. There are two 
methods of doing this, which have become almost standard practice in 
statistical mechanics. First, we might think of all of the molecules except 
one being held in their mean positions and study the effective, or the free, 
volume in which this one molecule can move. The second method also 
IIxCkS our attention on one molecule, but here we are interested in the in- 
stantaneous distribution of molecules in the vicinity of our chosen one. 
This distribution leads to the well-known Mcnke probability function 
(18), which may be evaluated from x-ray diffraction patterns. 

The free volume, F/, may be defined by means of the partition function: 

= [Vf{2wmkT/¥yi^jfexp{-U/Rr) (28) 

where J is the partition function for the internal degrees of freedom of the 
molecule, m is the mass of the molecule, and h is Planck^s constant. Other 
definitions of free volume have been proposed, but this one has the advan- 
tage that the free volume appears in the partition function as the effective 
volume in which the molecules move, it may be given a pictorial interpreta- 
tion when the molecules are rigid, and it is simply related to the entropy. 
Eyring and his co workers have developed the free volume description for 
the equation of state of liquids (5, 9, 13), and more recently Lennard-Jones 
and Devonshire (15, 16, 17) have started to use it in their description of 
dense gases. In terms of the free volume, the thennodynamical equation 
of state is 
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Substituting our expression for U in terms of B^T) it follows that 

Integrating this expression with respect to volume and requiring that the 
free volume approach the true volume as the density becomes small, we 
obtain: 

V,^V exp [J (rB'CD)] (31) 

The second term in the exponential corresponds to an increase in free 
volume with increasing temperature when the system is confined to a fixed 
amount of space. This shows that the model corresponding to the line- 
arity of the internal energy with density is considerably more general 
than a gas of rigid spheres. This temperature dependence was missing 
in the free volume for gases proposed earlier by Hirschfelder, Stevenson, 
and Eyring (10). Another virtue of our free volume is that it leads to an 
increase in Cv with pressure, as shown by equation 24. Eyring and his 
coworkers (5, 9, 13) introduce a similar term in the specific heat, consider- 
ing a temperature variation of b and supposing van der Waals^ a to be 
independent of temperature. 

The linearity of the internal energy with density is described most easily 
in terms of the Menke probability function. This function, W{r), is 
defined as the number of molecules which lie within a unit of volume a 
distance r from a particular molecule divided by the average number of 
molecules lying in an arbitrary unit of volume. In terms of the probability 
function, the internal energy is 

U = W(r)E(ry dr + Uo(T) (32) 

If is a linear function of 1/F, it follows that Tr(r) must be a function 
of r independent of volume, i.e., the same function for a dilute as for a 
dense gas. For the dilute gas, 

TF(r) = exp(—E(r)/kT) 

For liquids, the probability function has been determined from x-ray 
diffraction data for mercury (18), carbon tetrachloride (18), gallium (18), 
water (11), and for a few comparatively complicated substances, but as 
far as we were able to ascertain, it has never been determined for helium, 
hydrogen, qeon, nitrogen, or argon, which are the substances for which we 
know E(r). Figure 8 shows W{r) for a dilute gas and its likely appearance 
for the case of a “normal” liquid or a dense gas. In the examples where the 
linear relationship holds, we should expect that the first maximum in 
TF(r) is the same for the dilute gas as for the liquid or dense gas, since this 
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part of the probability function depends on the actual collisions between a 
pair of molecules and is not greatly affected by the presence of neighbors. 
The two curves should differ in the relatively unimportant second and 
third maxima. From this standpoint, it follows that W(r) cannot be 
exactly independent of volume, but this assumption may represent a good 
first approximation. 

The deviations of the internal energy of gases and liquids from the 
linearity with density might be used to study the structure of these 
substances. As long as a change in the density produces only a change 
in the frequency but not a change in the character of molecular collisions, 
Wix) is independent of volume. However, as the system becomes more 
and more dense the molecules will become geometrically constrained to 
move in a more or less regular lattice. Under these conditions W{r) 



Fig. 8. W{r) for a dilute gas and its likely appearance for the case of a “normar* 

liquid or a dense gas 

will vary with the density of the system in something like the following 
manner: 

W{r) == g{T)/V - h{r)/V- (33) 

where g{r) and h{r) are independent of volume, and have maxima corre- 
sponding to the lattice points. For these dense systems it is clear that 
the lattice structure will set in, and the deviations of the internal energy 
from the linearity will occur in the neighborhood of the density of the 
crystal. It is in this region that we should like the correction factor for 
the internal energy (corresponding to a/2V in the Beattie- Bridgeman 
equation) to be large. 


SUMMARY 

1. Any good equation of state for gases may be used to estimate the 
energy of interaction and collision diameter of molecules. The Beattie- 
Bridgeman equation is excellent for this purpose. 
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2. The Joule-Thomson coefficients extrapolated to zero pressure lead 
to an alternative method of determining these molecular constants which 
has some advantages. 

3. Experimentally it is found that at high temperatures the internal 
energy of a gas at constant temperature is a linear function of the density. 
This leads to a simple equation of state which holds up to pressures of the 
order of 3000 atm. For such high pressures the Beattie-Bridgeman equa- 
tion does not hold when the usual values of the constants are employed. 

4. The linearity of the internal energy with density at constant pressure 
is explained in terms of the Menke probability function. Deviations from 
this law in the neighborhood of the critical temperature are due primarily 
to fluctuations. 

We should like to thank Professor J. R. Roebuck for permitting us to 
study his unpublished data, and one of us (J. 0. H.) would like to express 
his appreciation to the Wisconsin Alumni Research Foundation for financial 
support throughout the course of this work. 
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INTRODUCTION 

The van der Waals centenary number of Physica (16) and the recent 
symposium of the Faraday Society on liquids (18) present many of the 
recent advances in this field. Since the whole thermodynamic theory of 
matter can be calculated from explicit partition functions, it is a problem 
of great interest to find such functions for liquids by every means at our 
disposal. The liquid must be quite similar to the solid at the melting 
point and similar to the vapor at the critical point, so that we require a 
function which approximates the Debye partition function for the solid 
near the melting point and passes continuously over into a form which will 
yield the van der Waals equation of state for gases. We now consider a 
particular case. 

THE APPLICATION OF A VAN DER WAALS TYPE OF EQUATION TO 

DENSE LIQUIDS 

In a previous paper (14) a number of kinetic theory equations for gases 
were modified in such a way as to make them applicable to liquids. In 
this section we extend the program started there by examining the con- 
ditions necessary for an equation of the van der Waals type to be valid 
over the entire range of volumes from the dilute gas to the dense liquid. 
It is well known that the van der Waals equation itself has a range of 
applicability only slightly greater than that of the ideal gas law, and that 
it fails badly even at volumes as great as that at the critical point. 

There are two principal causes for deviations from the simple van der 
Waals equation. The excluded volume b can be taken to be equal to four 
times the volume of the molecules only at low gas pressures. As the gas 

* Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27029, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society, 
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is compressed, overlapping becomes important and must be corrected 
for. This problem has been considered by a number of people, including 
Happel (9), Majumdar (16), and Hirshfelder, Stevenson, and Eyring (10). 
These authors give an equation for the free volume F/ of the form: 

Vf^V exp[~ (b/v) - ai(b/vy - a 2 (b/vy ] (1) 

where ai, a 2 , etc. are parameters. Another cause for deviations becoming 
important at volumes much smaller than the point at which overlapping 
becomes important is the repulsive force that the molecules exert on one 
another as they condense to form a close-packed liquid. In addition to 
these two effects, the temperature dependence of the effective volume of 
the atoms causes a significant decrease in van der Waals b as the tem- 
perature is increased. 

Mercury was chosen as a test liquid for an equation of state corrected 
for these effects, because it provides an extreme example of a close-packed 
liquid and because all the necessary data have already been summarized 
(13). In setting up the partition function the static energy is defined 
(as before (13)) as the potential energy that the liquid would have if the 
atoms remained fixed in their equilibrium positions. The form that we 
choose for Fs is: 

E, == -a/V + d exp(-cF'/0 (2) 

Here a/V and d exp represent the attractive and repulsive por- 

tions, respectively, of the static energy. The three parameters a, d, and 
c were very simply evaluated from three properties of the liquid at the ab- 
solute zero. The ones selected were the energy of vaporization, which is 
equal to the value of at T = 0, the volume which coincides with the 
minimum in and the compressibility which is given in terms of the 
second derivative. ^ The simultaneous equations to be solved are: 

a/V — dexp(— cP'^) = AEvap. = 63.18 X 10^® ergs per mole (3) 

a/F^'3 „ (j^/3) exp(~cF/3) ^ q (4) 

and 

dV/dP = 74/3[4a/3F®/3-.(c2d/9) exp(~cP/«)]“i = 

—38.2 X absolute units (5) 

These equations may be readily reduced to two linear equations and a 
quadratic, to yield the expression for Eai 

E, « —10.069 X lO^V^ + 8.560 X lO^^ exp( — 10.60 F^^®) ergs per mole (6) 

^ No absolute significance is attached to the properties of the liquid at the absolute 
zero. The extrapolated properties at T « 0 are regarded merely as those which the 
liquid would have if it continued to behave at temperatures below the melting point 
as it does at temperatures above it. 
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The volume at T = 0 was taken as 34.05 cc. The particular value of 
63.18 X 10^® ergs per mole for AEvap. was chosen at T = 0, because it 
gives the correct entropy of the liquid at its melting point and thus the 
correct entropy of fusion. This value for A£vap. {T == 0) is very close to 
what one obtains by extrapolation of the best thermal measurements (12). 

If the equation is to be employed at temperatures other than T = 0, 
some form must be chosen for the free volume. Although the form 
that has been previously employed by us (13) is satisfactory for the close- 
packed liquid, it fails to extrapolate smoothly to yield the ideal gas ex- 
pression at large volumes. Equation 1, an expansion in powers of (b/V), 
appears promising, but it is a rather clumsy expression with which to work. 
A much simpler expression, which we have found to be more satisfac- 
tory, is 

Vf^V exp[- ib/V)-] (7) 

in which the sum of powers of b/V has been replaced by a single term 
raised to an arbitrary power. 

Using equation 7 the partition function becomes 

/ = [(2TmkTyfW]V exp[-~(6/F)"] exp{-EJRTy (8) 

and the equation of state follows from equation 8 by the conventional 
method. 

P = RT (dln//dF)r = -a /72 + (dc/ 372 / 0 exp(~cP ^0 ^ 

{RT/V)[1 +nib/Vy] (9) 

Since the parameters in have already been determined, the unknown 
in equation 9 at any particular temperature is the quantity n(b/Vy. 
This was determined at the melting point and at the boiling point from 
the experimental vapor pressures. This left as the only unknown the 
value of n, which was found to be 1.30 from equation 9, utilizing the ex- 
perimental volume of the liquid at its melting point. These data give b 
equal to 60.67 and 50.07 cc. at the melting point and at the boiling point, 
respectively. Values of b at other temperatures were computed from the 
relation : 

b = (119.05 - 10.70 In T) cc. (10) 

The agreement of the calculations with the observed data is shown in 
table 1. The six observations that were used to determine the six con- 
stants of the partition function are given in parentheses. The com- 
pressibilities quoted are from Hubbard and Loomis (11), and the other 
data are the same as those previously employed (13). In comparing the 
calculations with the observations it should be recalled that it has been 
our aim throughout to make the partition function as simple as possible, 
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and to evaluate the parameters in the easiest possible manner. By 
emplo3dng a more laborious method of securing the parameters it would 
no doubt be possible to obtain a better partition function. 

Inspection of equation 9 reveals that at large volumes it reduces to the 
ideal gas law, PV = RT. Whether it gives satisfactory results at inter- 
mediate volumes is, however, still to be determined. Although no e.x- 
tensive PV data are available for liquid mercury except at temperatures 
below the boiling point, the critical temperature and pressure have been 
determined by Birch (2), who has also estimated the critical volume from 
the data of Bender (1; see also 20). From the conditions that (dP/dF)r 
and (d*P/dF’*)r equal 0 at the critical point we have the following simul- 
taneous equations to be solved for P,, Vc, and Pe\ 

P + a/F* = {RT/V)[l -f n(6/F)"] (11) 

2a/F* = iRT/V)[l -f- (n -|- n*) (6/F)“] 

6a/F* = (Pr/F)[2 4- (2» 4- Sn* 4- n«)(&/F)"] 

The repulsive contribution to E, has been omitted from these equations, 
since it can be neglected at such large volumes. 

The calculated values are compared with those experimentally deter- 
mined in table 2. The calculated pressure is given only approximately, 
because it is /0xf?emely sensitive to the extrapolated value of 6. The 
success of the partition function in predicting approximately the right 
critical constants is of considerable interest, since the bonding in metallic 
solids and liquids is usually thought of as quite different from the van der 
Waals forces acting between pairs of molecules. Unfortunately, mercury 
is the only liquid metal for which the data are available for setting up a 
partition function of this kind. 

We now proceed to certain general considerations. 

Partition functions 

For temperatures several times the Debye characteristic temperatures, 
®(= hv’/k), the Debye solid partition function approaches the Einstein 
form: 

X - (1 - exp(- (12) 

At still higher temperatures K takes the classical form: 

Here N, v*, y, and E are the number of molecules, the manmum fre- 
quency, the mean frequency (v = 3/4 /), and the energy of vaporization 
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for N molecules at the absolute zero, respectively. E is usually expressi- 
ble as a function of volume alone, unless important structural changes 
occur; k, h, and T are the Boltzmann constant, Planck’s constant, and the 
absolute temperature, respectively, f, and /,• are the partition functions 
for the rotational and internal degrees of freedom of a molecule. 

The partition function which leads to van der Waals equation is: 






TnkTr^ (V - b) 


h? 


N 




(14) 


(We have used the Sterling approximation N! = Here m, 

F, (F — 6), a/r, and e are the mass of the molecule, the volume occupied 
by N molecules, the free volume occupied by N molecules, the potential 
energy, and the base of the natural system of logarithms, respectively. If 
we identify the two energies and also the terms in square brackets in 


TABLE 2 

Critical constants for mercury 


TEMPSRATUBB 

VOLUME 

PREBSUltfi 

Observed 

Calculated 

Observed 

Calculated 

Observed 

Calculated 

•A'. 

•A. 1 

cc. 

cc. 

dynes per etn^ 

dynes per cm.* 

1730 

1500 

about 40 

37.5 

\ 1600 X 10« 

about 1000 X 10' 


equations 13 and 14, we see that the gas partition function has an extra 
factor 6, which corresponds to the communal entropy (6, 10, 13) R R 
In e. Our reasons for believing that most of the communal entropy enters 
at the melting point will be given later. For a liquid with communal shar- 
ing in the region where classical mechanics applies we thus expect the 
following expression to be satisfactory: 

fi2irmkTf^V,Y / E\ 

/./JV! = Ji ff) «(/-/.) (15) 

F/ is now the free volume for N molecules, and the explicit forms to be 
taken by V /, E, and fr are questions to be answered in a theory of liquids. 

Melting and the communal entropy 
At the melting point we have the relation 

Ai -1- pVi = A. + pV. (16) 

where the subscript I indicates the liquid and a indicates the solid. Also 

Ai kT\a.fi/N! (17) 
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and At == — Arinif (13). From thermodjrnamics the pressure satisfies 
the well-known equation 

” = - ( 1 ^), 

If Ai + pV I > At + pVt the solid is stable, while for the reverse 
inequality the liquid is stable. If, for a given temperature. At be plotted 
as ordinate with the volume as abscissa, then using equation 8 we see 
that the intersection of the tangent to the curve with the ordinate F = 0 
gives the Gibbs free energy for the solid at the temperature and volume 
corresponding to the point of tangency, the pressure of course being the 
negative of the slope. Plotting the Helmholtz free energy for the liquid 
and gas the same procedure gives their Gibbs free energy as a function of 



Fig. 1. The Helmholtz free energy A for liquid, gas, and solid at some temperature 
T is plotted against the volume as abscissa. The intercept a gives the Gibbs free 
energy for liquid and solid in equilibrium at the pressure given by the negative of the 
slope of the line ab. The corresponding volumes for solid and liquid are the abscissas 
of the points b and c, respectively. The line def has a corresponding significance for 
the liquid-vapor equilibrium 

Vy Tj and P, The common tangent to the A curves of two phases fixes 
the pressure and the two volumes at which the two phases are in equi- 
librium at that particular temperature. For the triple point there 
is of course a common tangent to all three phases. Tliis procedure is 
discussed at length in treatments like the one by Kohnstamm (17) in the 
Handbuch der Physik, The situation for a solid and liquid which ex- 
pands upon melting is indicated in figure 1. Clearly an explicit form for 
the partition fimetions for the solid and liquid phases constitutes a theory 
of melting. 

Only those points on the A curves are thermodynamically stable for 
which the tangent fails to intersect any other section of these curves. 
The A curve for the solid differs from that for the hquid-vapor because of 
some change in structure, having as a result the instability of volumes 
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intermediate between those for the points b and c. Since the potential 
energy at such intermolecular distances, for molecules held by van der 
Waals forces, almost certainly increases with distance in spite of any 
structural change, the stabilization of the liquid arises from a sudden 
increase of entropy with volume. For complex molecules there will be 
increases in the entropy of rotation when neighbors get farther apart 
during melting, but this is only incidental to the increase in entropy asso- 
ciated with translational degrees of freedom. Most monatomic molecules 
melt with an increase of about two entropy units at atmospheric pressure 
(10). This is the value to be expected if the communal entropy is at- 
tained, principally during the process of melting. Rice (17) argues that, 
because the entropy of melting for monatomic molecules such as argon 
drops with the pressure below two units, probably the communal entropy 
is of minor importance on melting. This is of course evidence that 
the entire two units do not necessarily come in at the melting point, but 
this was already clear for another reason, i.e., the values for sodium and 
potassium are slightly less than two units even at atmospheric pressure. 

We have an analogous case in the process of vaporization. Thus the 
term p(Vg — F«) contributes RT to the energy and R to the entropy of 
vaporization at low pressures, but both values drop to zero at the critical 
point. Vg and Ve are the moial volumes of liquid and vapor, respec- 
tively. 

Gurney and Mott (8) have given the curve for the communal entropy as 
a function of the number of molecules, n, in each of N/n groups which 
communally share volume, it being understood that the N/n groups do 
not share communally with each other. The corresponding Helmholtz 
free energy is: 


A ^ - kT 




and the communal entropy per mole is: 


S{n) =R 




( 20 ) 


where S(l) = 0; ,S(5) * 0.66«; -S(27) = 0.9fl; S(oo) = R. 

Now the condition that there shall be local communal sharing of free 
volume must be that the local density drop sufficiently to permit the 
structure to collapse freely in the various directions. If the molecules 
were points we would of course have communal sharing of volume. Thus 
the lack of commimal sharing arises from the finite dimensions of the 
molecules, i.e., from their interlocking. Tonks (19), of course, finds 
communal sharing among molecules arranged in a linear filament. Thus 
if molecules were arranged in a simple cubic lattice, each of the linear 
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filaments parallel to any one of the three axes would show communal 
sharing, so that from equatiop 20 we see that the system would possess 
practically the full entropy R, However, even in the liquid state the 
system has not expanded to the point where filaments slide by other 
filaments with ease, as is shown by the considerable activation energy 
for viscous flow. Viscosity of course measures the ease with which 
layers of molecules slide by each other (4, 5). Thus communal sharing 
(which measures the ease of collapse of the structure) and fluidity or 
diffusion (which presumably measure the ease of rotation of double mole- 
cules (10)) are only slightly different aspects of the same problem of the 
degree of correlation between the motion of neighbors, and wc regard the 
great change of fluidity upon melting as compelling evidence for a corre- 
sponding great change in the communal entropy. 

The correlation between the motion of neighbors is of course a strong 
function of the volume, and this can be expressed in some such form as the 
following expression for A: 


(■ 


3/2 


frSx exp 


i- 

\kT, 


m 


2 exp 

n-l 


S(n + 1) - S(«.) (Ein + 1) - E{n)\ 
" fc kT ) 


( 21 ) 


Here <S(n) is defined by equation 20 and Er, is the energy required to 
expand iV/n regions, each containing n molecules, from the average volume 
up to that critical volume at which communal sharing begins. Wo have 
not yet tested explicit forms of equation 21 in efforts to explain the change 
of the melting point with pressure, but a knowledge of the acti^-ation 
energy for viscous flow should be of assistance in estimating E{n) and in 
checking intuitive estimates of what the critical volumes for sharing 
should be. We now consider briefly methods of estimating the free 
volume. 

The free volume 


In a recent paper (14) we have considered at length possible ways of 

calculating the free volume. In this paper we have seen that V exp — 

pves a satisfactory expression for this quantity for mercury, and we now 
wish to discuss briefly the velocity of sound method (14). The basic 
idea is that the time used by the sound wave in travelling through the 
atoms themselves is negligible compared with that used in traversing the 
free volume, where the wave is carried by the atoms moving with the 
velocity of sound in the gas. This yields the equation 


Ut 


u. 


©■■(?)■©■ 


( 22 ) 
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where Ug^ m, F, and F/ are the velocity of sound in the liquid, the veloc- 
ity in the gas, the weight of a molecule, the molal volume, and the molal 
free volume of the liquid, respectively. If for the moment we neglect 
communal sharing, we obtain for the partition function for one transla- 
tional degree of freedom in the liquid: 


\m ) \n) u, 


(23) 


jy 

Ui 


{2irmkTr^ {y,/Ny‘^ _ i2TmkT) 
h 

= ^ 

Ui h 

Now at high temperatures compared with the characteristic temperature 
^ hv’ h/my^ 

‘"‘T^iKar) “• 

the Debye theory (7) for solids 3rields the limiting partition function; 
kT 4kT i/iirVy^ kT ^ kT 


hv 


= ! ^ = 4/47rFy fcT ^ fV\ 

3 A/ 3V9iV7 hu, \n) 


hu. 


(24) 


Here is the velocity of sound in the solid. Thus we see that our very 
simple model for the free volume of a liquid leads to formally the same 
translational partition function as the Debye theory for the solid. Th6 
free volume calculated from equation 22 is in satisfactory agreement with 
that found by other methods (14). However, it is possible that improve- 
ments in our model and examination of additional data will lead to the 
adoption of a proportionality constant in equation 23 more nearly equal 
to that in equation 24. 

Brillouin (3) has treated liquids in a manner analogous to Debye’s solid 
treatment and has obtained interesting results. When the activation 
energy for viscous flow disappears, as it does in the neighborhood of the 
critical point, the liquid loses its ability to store the potential energy re- 
sulting from shearing stresses. Thus transverse sound waves only involve 
kinetic energy. In this way Brillouin explains why the translational 
specific heat drops from about 6 cal. near the melting point to about 4 
at the critical point. Our velocity of sound method provides an alterna- 
tive approach to these questions. 
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I. introduction: static equilibrium and quantum-mechanical 

UNCERTAINTY 

It is customary to believe that space lattice structures represent the 
most stable configurations of force centers, as is illustrated by the well- 
known arrangements of molecules or atoms. Indeed, the configuration 
of minimum of potential energy of such force centers is always given by a 
certain lattice type. Thus for molecules of spherical symmetry a closest- 
packed structure (cubic or hexagonal) represents the minimum of potential 
energy. If the kinetic energy is sufficiently smalls i.e., for sufficiently low 
temperatures, it is usual to suppose that such a lattice structure will be 
realized. General principles of thermodynamics also require that a 
certain state of order should be established, when a system of many 
equivalent particles approaches absolute zero. Thus it seems quite 
appropriate to identify the lattice order of the solid state with that order 
which, for low temperatures, is required by the third law of thermo- 
dynamics. 

This argument, however, is not entirely conclusive. According to 
quantum mechanics the kinetic energy of a particle can never be exactly zero 
if, at the same time, the space coordinates are restricted to a certain finite 
region. This would contradict the uncertainty relation. A certain '‘zero 
point motion’^ will remain. Thus it is well known that the electrons in the 
interior of the atoms, as well as the particles constituting the nuclei, by 
no means assume configurations of geometric symmetry (polyhedra, etc.), 
such as were sometimes proposed in the early stages of atomic or nuclear 
physics, when it was thought necessary to search for configurations of 
minimum potential energy. The statistical distribution realized by the 
lowest quantum state rather represents a compromise between the mini- 

^ Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

* Present address: Department of Chemistry, Duke University, Durham, North 
Carolina. 
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mum of potential and of kinetic energy. It is to be regarded as the mini- 
mum of the sum of both so that the uncertainty relation Aq-Ap ^ ^ is 


simultaneously fulfilled. It depends entirely on the order of magnitude 
of the actual interaction forces and of the masses whether, in this com- 
promise, the minimum of total energy is realized with a very small Aq 
or with a Aq large compared with the mean distance of the particles. It 
is only in the case where Aq is smaller than the mean distance of the par- 
ticles that their locations may still reproduce, to some extent, the posi- 
tions of the minima of the potential energy. 

In general, the occurrence of ^*quanium structures'^ is considered to be 
restricted to subatomic dimensions (;< 10“® cm.). A simple estimate 
explains this fact. The kinetic “zero point energy”, jKo, of a particle of 
mass Af, the center of gravity of which is confined to the interior of a 
sphere of radius JK, is given by 


8M/e2 


( 1 ) 


For electrons in Coulomb fields Eo becomes comparable to, 

or greater than, the potential energy for values of R ^ 8M^ ~ ^ X 

cm. Accordingly for nuclear particles with a mass which is about 2000 
times greater, the limit for the appearance of quantum structures is 
^ 10~^^ cm. From this one can conclude that for atoms or molecules 
which have the same or greater mass than the atomic nuclei, and for local- 
izations in regions of the size of atomic distances 10 ' ^ cm.), one is far 
from such quantum effects. If we express Eo in calories per mole and M 
by the molecular weight and assume R = 10“® cm, we obtain 

Eo = (cal. per mole) (1') 


Usually this is very small compared to the contribution of the potential 
energy, as the latter generally provides potential holes of some thousands 
of calories per mole. This fact explains why quantum mechanics is prac- 
tically confined to the subatomic world, and why the motion and localiza- 
tion of atoms or molecules in their mutual force fields can, to a very good 
approximation, be treated by means of classical mechanics. These calcula- 
tions may be refined by adding some subsequent quantum corrections, but 
in general these quantum effects are only small quantitative supplements 
and have no fundamental significance for the arrangement or motion of 
the atoms. 

II. THE VAN DER WAALB FIELD OP HELIUM 

There is, however, the somewhat exceptional case of liquid helium, 
which seems to present the peculiar example of a quantum structure of 
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mcLcroacopic dimensions, and which manifests a variety of highly enigmatic 
phenomena. Helium is the only substance that cannot be transformed 
into the solid state merely by cooling. Actually it has in its liquid state, 
at 2.19® A., a thermal anomaly, the so-called X-point (11, 12). At this 
temperature its specific heat shows a discontinuity and most of its proper- 
ties change abruptly. In particular the heat conductivity (13, 22, 3, 15) 
and the fluidity (28, 4, 5, 2, 6, 10, 17) increase enormously when one cools 
helium below the X-point. Thus one speaks of superheatconductivity and 
of superfluidity in this modification of liquid helium (called helium II). 



“t/t; 


Fig. 1. Specific heat of liquid helium, according to W. H. Keesom and H. P. 
Keesom (13) 

It is only under pressure that solid helium can exist; extrapolated to the 
absolute zero this pressure amounts to about 25 atm. Below the X-point 
the entropy difference between the liquid and the solid phase decreases 
rapidly toward zero with falling temperature, which indicates that the 
liquid phase goes into a peculiar state of order. This change towards an 
ordered state begins at the X-point and occurs continuously in a relatively 
small temperature range. It would be interesting to know what kind of 
order is realized in this liquid state. 

How unusual the situation with helium is, will become evident if one 
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realizes that from equation 1' one would obtain a kinetic zero point energy 
of 118 cal. per mole, whereas the experimental total energy amounts 
to only about 14 cal. per mole. 

As it is impossible to solve the quantum-mechanical many-body prob- 
lem of N interacting helium atoms, even in any reasonable approximation, 
we prefer a sort of semi-empirical manner of discussion. The interaction 
forces between helium atoms are relatively well known. We will use the 
expression given by Slater and Kirkwood (24) for the energy of two 
helium atoms at a fixed distance r (in A. units) : 

vir) = ( 77e-^ lO'” erg (2) 

This expression has been found to give a rather good agreement with ex- 
periment, when used to calculate the second virial coefficient of the gas 
equation. Thus it might perhaps be considered as more reliable than 
would be granted on the basis of the theoretical calculation alone. 

All of the following discussion depends essentially on the fact that the 
actual molecular volume of liquid helium II is very much larger compared 
with what one would expect from the range of the helium forces. This 
peculiarity can be explained (23) as being caused by the contribution of 
the zero point energy, which inci eases very rapidly with increasing density 
and operates, therefore, like a kind of additional repulsive force.^ In a 
previous publication (18) I have given a quantitative estimate for this 
zero point energy by using equation 1 for the zero point energy at high 
densities, where any atom can be considered as confined to a spherical 
region formed by its nearest neighbors. For lower densities this formula 
had to be corrected, in order to account for the fact that in this case the 
''mean free path’’ is, of course, much longer than the shortest atomic 
distance. 

In order to learn something about the most favorable coordination num- 
ber of the atoms in the liquid state, let us localize them, provisionally, in 
the different configurations of regular lattices, taking the experimental 
molecular volume of liquid helium, which has been found to be about 
27.6 cc. In figure 2 we have pictured schematically, for different regu- 
lar lattices, the distribution of the neighbors of a given atom. The length 
of the vertical lines and the added numbers give the number of neighbors 
at the distances in question. 

These vertical lines have been so arranged as to correspond to the ab- 
scissae of the potential curve given by equation ^2. The ordinates of the 
potential curve have been chosen in such a way as to give the energy of a 

® This “zero point energy of mean free path” has nothing to do with the zero point 
energy of Fermi statistics. It comes from the finite cross section of the molecules; 
it exists as well for Bose as for Fermi statistics, but it disappears for point molecules. 
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pair of helium atoms multiplied by one-half of Avogadro’s number. Thus 
we need simply to add the contributions of all the neighbors of one atom 
in order to get the total potential energy per molecular volume. At the 
right-hand side we have given the values of this total potential energy for 
different lattices. 



Fig. 2. Potential energy for different configurations of helium atoms 


From this scheme one notices at once that, for the large molecular 
volume found experimentally, the closest-packed structure (coordination 
number 12) is by no means of particularly low energy. The coordination 
number 4, as realized in the diamond structure, would give a much better 
utilization of the available van der Waals field (48 cal. per mole instead of 
36.5 cal. per mole). For this small density it is much more favorable for 
any atom to have four neighbors at a smaller distance than twelve at a 
greater one. 
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For the solid state, stable under a pressure of 25 atm. and of a molecular 
volume of 19.2 cc., the linear dimensions of the different lattices would 
have to be reduced by a factor i *-- 



and one reads from the figure that if the locations are contracted in this 
way, it would be the closest-packed structure which would give the best 
utilization of the actual forces. 

From this it has been concluded (18) that helium in the liquid state might 
have a much smaller co5rdination number (presumably 4) than in the solid 
state (presumably 12). 

It has also been emphasized (18) that it might be rather questionable whether 
one is entitled to go beyond this and to conclude that the helium atoms 
really assume the order of a diamond lattice. With regard to the pre- 
sumably big zero point motion of the light helium atoms, one could, of 
course, only speak of an ultimate statistical preference for the vicinity of 
those lattice points. An estimate of the amplitude of this zero point 
motion may be obtained by means of equation 1. The kinetic zero point 
energy, Eo, may be obtained semi-empirically as the difference of the ob- 
served total energy (—14 cal. per mole) minus the above calculated po- 
tential energy (—48 cal. per mole). This yields Eo = 34 cal. per mole. 
From this and from equation 1 we obtain a sphere of radius 



as the minimum range required for the zero point motion. In a diamond 
lattice of the density of liquid helium, the distance from a central atom 
to its four next neighbors is 3.09 A. However, owing to the repulsive 
forces, a closer approach than perhaps 2.4 A. is not possible, which means 
a free range of only 0.7 A. in t^ direction. The distance to the center of 
one of the confining tetrahedron surfaces amounts to 1.02 A. Hence 
there must be a considerable probability of finding the central atom out- 
side of the tetrahedron of its neighbors. Even this, however, might not 
necessarily exclude the possibility that the immediate neighborhood of 
the diamond lattice points offers some statistical preference for the helium 
atoms. 

FrShlich took this point of view as a basis in order to explain the X- 
phenomenon of helium (8). He noticed the following peculiarity of the 
diamond lattice (figure 3). While any atom is surrounded by a tetrahed- 
ron first neighbors, (e.g., A by the tetrahedron BiBiB^B*), there are, on 
the other hand, tetrahedra of the same size (e.g., BtB 4 BtBa) which are 
empty. These empty centers also form a diamond lattice of the same 
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dimensions as the original one. The two lattices taken together form a 
body-centered cubic lattice of 2^^ places for N atoms. According to 
Frohlich the X-phenomenon of liquid helium should be an order disorder 
transition between the N holes and the N atoms in that body-centered 
cubic lattice of 2N places. The transition was treated along the lines of 
the Bragg -Williams 'Bethe theory of order-disorder transitions in alloys, 
in close analogy to the transition observed with jS-brass, Below the X- 
point the helium atoms should show an increasing preference for one of 
the two diamond lattices, whereas above the X-point the N atoms should 
be distributed at random over the 2N places. 

This theory leads, in fact, to a discontinuity of the specific heat, and the 
amount of entropy corresponding to this ordering process has been found 
in satisfactory agreement with the experimental value. 



Fig. 3. Body-centered cubic lattice (small spheres) containing a diamond lattice 
(large spheres). The size of the large spheres has been taken to represent helium 
atoms as spheres of 2 5 A. diameter for a molecular volume of 27 6 cc 


III. NON-STATIC EQUILIBRIUM 

Though actually this explanation of the X-phenomenon could not be 
maintained, it is quite instructive to learn why it failed (19) . According to 
Frohlich’s idea a diamond lattice of helium atoms should, when partly 
formed, produce a molecular field so that any further helium atom shows a 
definite preference for becoming attached at those points which belong to 
the same diamond lattice, that is, the binding energy at a diamond point 
should be greater than an3rwhere else, in particular, greater than at the 
hole-points. It is, however, easy to see that, on the contrary, the binding 
energy right at a hole would be considerably greater than at a lattice point. 
It is true that these holes have four nearest neighbors at exactly the same 
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distaace (3.09 A.) as the lattice points of the diamond lattice, but, in ad- 
dition, they possess six second neighbors at an only slightly greater 
distance of 3.57 A., which the diamond points do not possess (because at 
this distaace, e.g., AD, there are the holes!). These second neighbors 
contribute considerably to the binding energy at the hole-points (about 
50 per cent to the potential energy). Therefore no such cooperative 
phenomenon will appear as supposed by Frohlich. 

We may gather, however, some information from this model as to the 
actual distribution of the atoms at absolute zero. Suppose, at first, that all 
atoms, except one, be fixed in a diamond lattice. Let us further draw the 
potential energy curve of this one movable atom for different positions in 
the lattice. Figure 4 shows the shape of this potential field along the fol- 
lowing broken path; from the original rest position (.4) through the center 





of one of the four adjacent tetrahedral surfaces, to the nearest 

hole (C), from C to the next hole (D), and then from any hole to the next 
hole. In its lowest quantum state the movable atom obviously will 
frequent particularly the holes C, D, etc., and since this occurs without 
preference for any of them, the atom will be, with equal probability, at 
each of these holes and practically never at its original position (^1). It 
will not be hindered from circulating through the whole lattice, the po- 
tential barriers being very low. If now we liberate the fixed atoms suc- 
cessively, one after the other, they also will preferentially frequent the 
holes. However, if a fraction of the atoms has, in such a way, assumed the 
new distribution, it will be necessary to correct the potential function. 
With increasii^ occupation of the holes the binding energy will increase 
at the ordinal diamond points and will decrease at the holes. (Compare 
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the dashed curve in figure 4.) One sees that finally, after all atoms aro 
liberated, no distinction between one or the other of the diamond lattices 
will remain. All of the 2N places of the embracing body-centered cubic 
lattice will be equivalent, and each place will be occupied with probability 
one-half by a helium atom. 

In this 50 per cent occupied configuration (see figure 2) every atom has, 
on the average, four nearest neighbors at a distance of 3.09 A., exactly as 
in the diamond lattice, but, in addition, there are on the average three 
second neighbors at the distance of 3.57 A. In the diamond lattice proper 
there are twelve second neighbors at a distance of 5.04 A., whereas in the 
50 per cent occupied centered lattice there are, at this distance, on the 
average only six atoms. However, at this great distance the influence of 
the van der Waals forces is almost negligible. In all, the gain of potential 
energy in favor of the 50 per cent occupied lattice would amount to about 
10 cal. per mole. In addition the kinetic zero point energy of the new 
configuration would also be lower, as now each atom has on the average 
two locations; it has, so to speak, twice as much volume at its disposal as 
in the ordinary diamond lattice. 

This method of discussion can of course not claim to give even an ap- 
proximate basis for the definite distribution of helium atoms at absolute 
zero. It should rather be regarded as an indirect demonstration of the 
fact thaty in any case, the most stable configuration of the helium atoms can 
not be represented by any ordinary simple static space lattice. In such man- 
ner are we led to visualize non-static equilibrium configurations. 

With regard to regular lattices with 2N places for N atoms, we may 
remark that the body-centered lattice is by no means distinguished by 
particular stability. A face-centered lattice of 2N places, each equally 
occupied on the average by half an atom, would give still a little lower 
potential energy (—60 cal. per mole instead of —58 cal. per mole; see 
figure 2). In this configuration each atom would have, on the average, 
six nearest neighbors at a distance of 3.17 A. However there is, of course, 
no reason that there should be just twice as many places as atoms. I have 
tried to assume first an undetermined ratio between the number of places 
and that of atoms, and have then determined the ratio by postulating the 
minimum of potential energy. It was found to be almost exactly 2. Of 
course, no particular importance can be attached to such calculations, 
and I do not want to insist here on one of these particular structures. 

The configuration discussed last seems to have some likelihood, as it 
also agrees quite well with a structure of coordination number 6 recently 
proposed by Keesom and Takonis (16) on the basis of an x-ray analysis of 
liquid helium. Keesom describes (cf. figure 2) his structure in terms of a 
lattice derived from a face-centered lattice, with a density double that of 
liquid helium, from which half of the atoms have been omitted. He 



58 


r. LONDON 


imagines the X-point, in the same way as Frohlich, as an order-disorder 
transition between the holes and the atoms. However, the same objection 
raised against Frdhlich^s mechanism applies to Keesom^s model. The 
potential energy of the homogeneous statistical distribution of the N 
atoms over the 2N places would also in this case be still lower (—60 cal. 
per mole) than that of the “ordered’^ distribution over the sublattice 
proposed by Keesom ( — 56 cal. per mole). Moreover, the kinetic zero 
point energy would again be smaller for the equiform distribution. 

Since the atomic distances to the nearest neighbors of Keesom^s model 
are identical with those in the homogeneous statistical distribution, the 
rather diffuse x-ray exposures speak for our structure equally well. 

It might be explicitly stated that the statistical structures that we 
have met here have, of course, nothing to do with thermod 3 mamic disorder. 
In principle the whole system is supposed to be representable by a single 
quantum state, which, if it is the lowest state, will describe the system at 
the absolute zero. Accordingly, there the system has zero entropy in 
spite of the fact that it may involve a statistical distribution of N atoms 
over 2N places. Quantum-mechanical uncertainty holds, of course, at 
absolute zero, but it has nothing to do with thermodynamic disorder and 
entropy. 

Since Frdhlich^s explanation of the X-phenomenon fails, the problem 
remains open as to what particular ordering process could be connected 
with this anomaly. One might think that this ordering process could be 
represented by the formation of a lattice, if not of atoms, at least of 
‘‘places’^ (possibly of 2N places), such as we have described. However, 
this does not seem likely. If the 2N places were to be represented by an 
exact periodic lattice, i.e. with long-distance order, the x-ray exposures 
should give interferences with sharp lines, like those for the solid state 
(16), whereas in reality the lines above and below the X-point have been 
found to be equally diffuse. There is, so far, no indication of the presence 
of any ordering process relative to the spatial distribution of the atoms in 
the liquid at the X-point. 

IV. A MODEL OF LIQUID HELIUM 

Resuming the preliminary discussion given in the preceding paragraphs, 
we may depict liquid helium roughly by the following model. Each 
helium atom may be imagined as moving in a self-consistent van der Waals 
field formed by the other atoms, which field contains so much open space 
and such low potential barriers that the states of the atom in question will 
be spread over the entire volume of the liquid. Its wave functions will 
somewhat resemble those of the electrons in metals, or, perhaps, rather 
those in metallic liquids. They will look approximately like Bloch waves : 
viz.j progressive plane deBroglie waves multiplied by a modulated 
amplitude coming from the swell of the mean field of the other atoms. 
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The self-consistent field as a whole will, for its part, make quantized 
elastic Debye vibrations. The distribution of the 3N degrees of freedom 
between the two classes of states may depend on temperature, but we will 
disregard such details here. The subdivision into the two classes is 
certainly a quite rough idealization, and there will be, of course, a rather 
strong interaction between these two types of states. 

We may say that this model describes liquid helium by picturing it as a 
metal in which both the ions and the electrons are replaced by particles 
of the same kind, namely, helium atoms. 

The Debye states will give rise to a contribution to the specific heat, 
which, at lowest temperatures, is proportional to T^. To this we have 
to add the specific heat of the ^ ^electronic’’ states. 

As in the elementary theory of metals, we may first assume, for the 
lowest of these ‘^electronic” states, an energy spectrum similar to that 
of free particles. 


E = 


2M 


(k = wave number per centimeter) 


(3) 


where M is not necessarily the ordinary mass of the particle, but possibly 
a certain “reduced” mass. However, unlike the case of electrons in 
metals, we have to apply here, to the case of helium atoms, Bosc-Einstein 
statistics instead of Fermi statistics.^ 


V. THE BOSE-EINSTEIN CONDENSATION 

In his papers on gas degeneracy (1924-1925) Einstein mentioned a 
peculiar condensation phenomenon of the “ideal” Bose- Einstein gas. 
This interesting discovery, however, has been almost entirely forgotten 
in the meantime, probably because Uhlenbeck (26) .questioned the cor- 
rectness of Einstein’s argument. Since from the very first the mechanism 
seemed devoid of any practical significance, all real gases being condensed 
at the temperature in question, the matter has never been reexamined and 
it has been generally believed that there is no such condensation phenom- 
enon. If the X-phenomenon of liquid helium had been discovered between 
1925 and 1927, one would perhaps have tried at once to interpret it as the 
condensation predicted by Einstein. As the matter stands thus far, 
it has not been recognized that an ideal Bose -Einstein gas actually shows 
a discontinuity in the derivative of the specific heat (9, 27). 

In figure 5 the specific heat, Cv, of an ideal Bose -Einstein gas is repre- 
sented (19, 20) as a function of T/To, where the “critical temperature” 
To is defined by: 

T - ^ 

® “ 2irMk \23i2V 

^ For the Debye vibrations one need not consider Bose-Einstein statistics ex- 
plicitly, as there it does not lead to noticeable effects. 
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With M = the mass of a helium atom, with the molecular volume V as 27.6 
cc., andiV = Avogadro’s number, one obtains To =» 3.14®. The specific 
heat is given by 

= 1.92i2V(T/ro)’'‘ forT<ro (6a) 
C,+ = 3/2 W{1 + 0.231(ro/T)‘'* + 0.miT,/T)* 

+ 0.040(ro/5r)*'* + • • • } for r > To (5b) 



and the entropy 

S- = 1.285 kN(.T/T,f^ for T<To (6a) 

S+ = I kN{ 1 + In (T/To) " 0.154(ro/r)’'* 

- 0.0150(7’o/2D* - 0.0089(n/r)"* - • • • 1 for r > To (66) 

The entropy at the critical temperature, To , amounts to 1.28 ifciV inde- 
pendent of the value of To. ^ 

What is happening to the molecules at the critical temperature^ To, can 
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be indicated most simply by giving their velocity distribution. For 
T > To it is given by the well-known formula: 


mv) dv = 


2irVM^ v^dv 

flZ giv*+a _ J 



(7) 


where « is to be determined by the condition 



N 


At the temperature T = To, one obtains a = 0. For lower temperatures, 
T < To, the distribution splits into two different branches. A finite 
fraction of all atoms, namely, 

No = N[l- (T/To)‘] (8a) 


have the velocity v = 0, whereas the remainder are distributed in a way 
similar to the ordinary distribution, viz . : 


N (d) dt) = 


2irVM^ v^dv 
h? e'<i? — 1 


(v > 0) (8b) 


If one likes analogies, one may say that for T < To there is actually a 
kind of condensation, not in ordinary space but in the space of velocities, 
i.e., an equilibrium of two phases: one containing the molecules ATo repre- 
senting, so to speak, a state of higher order, — all molecules having the same 
velocity, zero; and another one showing a distribution over all velocities 
similar to that which is realized for T > To. In ordinary space, however, 
no separation of phases, no change of order, is to be noticed. 


VI. POSSIBLE SIGNIFICANCE FOR THE X-PHENOMENON OP LIQUID HELIUM 

Although actually the X-point of helium shows a much sharper discon- 
tinuity and rather resembles a jump more than a break in the course of 
the specific heat, it seems difficult not to imagine a connection with the 
condensation phenomenon of the Bose-Einstein statistics. The theoreti- 
cal values of 3.14° A. and 1.28 R for the critical temperature of the ideal 
Bose-Einstein gas and for the entropy at this temperature differ from the 
experimental data of the X-point (2.19° A. and 0.8 R) in such a way as to 
inspire trust. It may be ihentioned that any alteration concerning the 
supposed density of the lowest energy levels would have a very great 
influence upon the shape of the discontinuity. Thus, if the density of 
states, in the limit for very small wave number k, is supposed to be pro- 
portional to k^dk (instead of proportional to fcMfc as for free particles), the 
Bose-Einstein statistics yields not a break, but a real jump in the specific 
heat curve. Such a decrease in the density of the levels for the lowest 
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states is quite probable, since the introduction of any interaction between 
the atoms would produce such an effect. In particular it seems that the 
“exchange forces,” which are coordinate with the van der Waals forces 
(thus far never investigated), would account for the fact that in reality 
the ordering process proceeds still more rapidly than would follow from 
the theory of degeneration of an “ideal” Bose-Einstein gas. These ex- 
change forces have the character of an aUradion in space of velocities 
(i.e., their interaction energy is always negative and disappears with 
large relative velocity), provided the particles obey Bose statistics, and 
such an interaction would indeed favor the ordering process we have 
just described. 

Let us anticipate the presumable result of the introduction of such an 
interaction, and assume the density of the lowest states of the Bloch 
type to be given by the number of states in the energy interval (e, e + de) : 

ff(e) de = AV de (9) 

Here A and <r are adjustable constants (<t > 2). From this assumption 
we obtain for the specific heat: 

C,- = W'«r(<r + 1) (T/n)' • for r < To (10a) 

r<r 

+ (2a-l) (A _ iliTo/T)^ + • • •} for T > To (10b) 

In particular for T = To the convergence of the above series is very bad. 
There the value of (7,+ is given by 


CM) = A:JVV i («r -f- 1) ^ - «r 

( f» r»-i, 


(lObO 


Here fo is defined by the series f, = + ^ + 


r _ If T" 


N' will no longer be Avogadro’s number, but rather the number of par- 
ticles in Bloch states per molecular volume V. 

JVo = JV'U - (T/To)'] (12) 


is, for T < To, the number of particles that are condensed in the lowest 
state. 
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The discontinuity of the specific heat is given by 

(Cj+X-To j (13) 

O' + 1 

The experimental values for the specific heat of liquid helium suggest 
a value of o ~ 5 and of N' = 0.136 N (figure 6). 

One need not think that the basis of the theory has been abandoned 
by such a modification of the energy spectrum. The Bose statistics is 



Fig. 6. Specific heat (C,) for Bose-Einstein statistics. <r = 5; 2V' = O.lSfiAf plus 
a Debye term O.OaSlfir*. The circles give the experimental values for helium (13). 

and remains throughout essential for the occurrence of the discontinuity. 
In Boltzmann or in Fermi statistics the introduction of a modified spectrum 
such as (9) would not give rise to a similar phenomenon. 

VII. SUPERFLUIDITY 

A real decision for or against our hjqiothesis will only be possible when 
its consequences for the strange transport phenomena of liquid helium 
have been worked out. Thus far only a quite elementary discussion has 
been attempted. This preliminary discussion, however, entitles one to 
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believe that the peculiarities of a degenerate Bose-Einstein gas might, in 
any case, be strange enough to be capable of reproducing even such 
strange phenomena as have actually been found with liquid helium. 

Let us go back to our model of section IV, representing liquid helium 
as a metal, in which the ions as well as the electrons are both replaced by 
helium atoms. We need not discuss in detail here to what extent this 
model gives a simplified picture of the real state of affairs. We may trust 
that, as often happens in physics, the consequences and connections de- 
rived for our extremely simplified model will prove to be in a high degree 
independent of the special assumptions we found ourselves forced to in- 
troduce. 

The fluidity of our model liquid will correspond to the electrical con- 
ductance of the electrons in a metal: The friction will be due to the 
dissipation of progressive Bloch waves by inelastic collisions with the 
Debye waves. Let us make the assumption that for these collisions a 
mean free path I might exist, which is independent of the velocity v for 
small values of v. 

The well-known formula for the conductivity a ^ T/v would yield the 
value <r — > 00 in the case where a finite fraction of all particles has velocity 
zero. But actually one has to apply a special consideration for the slowest 
particles. A particle of mass M and of initial velocity Voy chosen in the 
direction of the field F, needs the time r to traverse the mean free path 1: 


I := VOT + 


1 

2M 


f; 


or 


r = y iVvl + 21F/M - fol 

The mean change of velocity due to the action of F during this time t will 
therefore be given by 

^ “ if ^ iVi4 + 2lF/M - (14> 

In general (particularly in the case of Fermi statistics, and also in the 
case T > T» for the Bose statistics), one is accustomed and entitled to 

M » 

disregard the few particles with -s- vj < I.F and one may write; 

tor^4»IP (Ito) 

which gives the above mentioned formula for <r. 
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In the case of the Bose degeneracy (T < To), however, a finite fraction 
of all particles has the velocity vo = 0. For these we obtain 

for ^ vl « IF (14b) 

This contribution is, for a fixed small value of F, enormously greater than 
equation 14a. One may say that the conductivity, viz., the fluidity 
(defined as derivative of the current with respect to F) becomes infinite 
in the limit F —*0. 

For a fixed value of F the dependence of the fluidity on temperature 
should be proportional to the number No of particles in the lowest state. 
If the specific heat is given by equation 10a 

C- - (T/To)' 

the number No is proportional to 

(N[l - {T/To)’\ foiTKTo 
No = 1 

[ ~ 0 for T > To 

and accordingly the superfluid current should be proportional to 1 — (T/To)’, 
for T < To, and disappear for T > To (figure 7). 

VIII. THERMOMECHANICAL EFFECT 

The particles No, having the energy zero, will not appreciably contribute 
to the transport of energy, and therefore one should not expect a particu- 
larly great increase of the heat conductivity when passing to the degener- 
ate state. 

But there is another mechanism which may produce a transfer of heat (21) . 
The van der Waals forces between the walls and the helium atoms are 
much stronger than those between the helium atoms themselves. There- 
fore in a layer, L, of 10 A. or 100 A. or perhaps even greater thickness along 
the walls, the van der Waals field will be appreciably stronger than in the 
interior, I, of the liquid. In this layer the concentration of the degenerate 
atoms will therefore be much greater than in the interior, and accordingly 
the entropy in the layer, St, will be much smaller than in the interior, St. 
Thus we have a situation quite analogous to a thermocouple, — ^namely, 
two different conductors, L and I, in conducting contact. 

If q moles of helium pass at a temperature T from I to L, they will go 
into a state of greater order and the heat 

Q=T iS,-St)q (15) 

will be set free. This will occur in a reversible manner, quite as in the case 
of the Peltier effect. Eclating all transfer of energy or matter to unit 
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of time and to unit of cross section, we may write 

Q = T(Si-Si.)J (150 

where J is the current density. The Peltier coefficient is accordingly 
given by 


11/. t = T{Si—Sl) 


(16) 


Assuming for the specific heat the expression 10a we obtain for the 
entropy: 


= Const, rv 


(17) 



and accordingly for the Peltier coefficient 

H/./, = Const. (18) 

Now the arrangement for measuring heat conductivity can simply be 
considered £is a thermocouple consisting of the two “metals” L and /. If 
we heat the wall at one point and cool at another one, in such a way that 
the temperature at the two points may be kept constant at Ti and Tt, 
respectively, we may produce a “thermo-force”, given, according to 
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W. Thomson’s well-known thermodynamic relation, by the formula 

# = dT = jj' {S, - Si.) dT 

or, with equation 17, 

= Const ^ ^(^2 “ Ti)iyj - Vl) 

This ‘^thermo-force^^ will produce a considerable circulation of matter, 
since the “internal resistance*' of the thermoelement is extraordinarily 
small, and therefore the consumption of heat for maintaining even the 
smallest temperature differences will also be considerable. This process, 
therefore, will appear like an enormous heat conduction which, however, 
will depend very strongly on the gradient of temperature. Actually one 
has found such variations of heat conductivity with the temperaturcj 
gradient (3, 15). For the lowest temperatures the helium atoms will 
everywhere be almost completely degenerate, in the layer as well as in 
the interior of the liquid. There will be no difference of entropy between 
the different parts of the liquid; the “Peltier heat** as w^ell as the “thermo- 
forcc’* will disappear ^as it must according to Nernst's law — and there 
will no longer be a production of circulation in the liquid. Only ordinary 
heat conductivity (chiefly by Debye vibrations) will remain. Neverthe- 
less the great fluidity will persist down to the low^est temperatures, since 
it is proportional to iVo 1 — {T/ToY; only the thermo-force disappears 
(proportional to f). 

All this is in complete qualitative agreement with the experiments, 
particularly with those of Keesom (15) and of Klirti and Simon (17), on 
the heat conductivity of helium at the lowest temperatures, wiiich, below 
0.6° A., has been found to become “normal** again, i.e., independent of the 
gradient of temperature. In fact this transition to normal heat con- 
ductivity occurs in just that region where the thermal anomaly of the 
specific heat, connected with the X-point, ceases and passes over into an 
ordinary Debye T^-law^ for the specific heat. In figure 8 we havtj plotted 
the product of the Peltier coefficient TS times the number of degenerate 
atoms, ATo, against temperature. This product, in any case, will form a 
factor characteristic of the .transported heat, regardless of the result of a 
future vigorous treatment of the mean free path problem. 

This mechanism of reversible transformation of heat into mechanical 
energy gives a very simple explanation also of the so-called “fountain 
phenomenon" observed by Allen and Jones (1), and interprets it as a 
pump driven by a thermoelement. It may be remarked that the flow of 
matter in the capillary layer has to have the opposite direction to the 
transfer of heat, if the entropy in the capillary layer is smaller than in the 
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normal liquid. In fact this connection between the flow of heat and the 
flow of matter is actually realissed in the experiment of Allen and Jones. 

It may be mentioned that the idea that the transport phenomena of 
helium II might be reversible processes was first discussed by Tisza (26). 
The thermodynamic relation (equation 16) has recently been given by 
H. London (21). Though it might appear that the logical connection 
between the facts will not be qualitatively very different from the one we 
have sketched here, it is obvious that the theoretical basis given thus far 



T/T. 

Fig. 8. TSNo as a function of 7* (<r — 5) 

is not to be considered more than a quite rough and preliminary approach 
to the problem of liquid helium, limi ted chiefly by the lack of a satisfactory 
molecular theory of liquids. 


IX. SUMMARY 

It has recently been shown that, contrary to current views, an ideal 
Bose-Einstein gas shows a discontinuity in the course of its specific heat 
curve. This anomaly is connected with a kind of condensation process 
first mentioned by Einstein. Some evidence has been given to support 
the idea that the peculiar phase transition (X-point) liquid helium undergoes 
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at 2.19“ K. might be regarded as the condensation phenomenon of the 
Bose-Einstein statistics, distorted, of course, owing to the fact that it 
manifests itself in the liquid and not in the gaseous state. 

Further evidence in favor of this interpretation is furnished by an ele- 
mentary discussion of the transport properties of the condensed phase. 
It is shown that the theory might account for the sudden increase of the 
fluidity and of the heat conductivity when going below the X-point. 
The latter phenomenon comes out, not as an ordinary heat conductivity, 
but rather as a reversible phenomenon, similar to the heat transport in a 
thermoelement, namely, as a reversible transformation of heat into 
mechanical work. This thermomechanical effect also furnishes the 
explanation of the so-called “fountain phenomenon” discovered by Allen 
and Jones. 
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I. INTRODUCTION 

All extension of the method of Ursell (8) for treating imperfect gases 
has been developed by the author, working with Ackermann and with 
Harrison (5, 6, 7). This method has succeeded in predicting the condi- 
tions under which (iondensation occurs in a one-component system, and 
is in agreement with experiments showing that the usual classical concep- 
tion of the critical point is not altogether correct (3). The theory was 
reported by Born (1) to the van der Waals Congress in Amsterdam. Since 
then Born has, with Fuchs (2), greatly improved its mathematical basis, 
as have also Kahn and llhlenbeck (4). In this paper the method, with a 
mathematical approach modelled after that of Born and Fuchs, will be 
applied to two-component systems. 

In general, for any system, the work function A, or Helmholtz free 
energy, may be calculated as 



QM\,\\Ty 

'IIa.! - 


t 


( 1 ) 


in which Ni is the number of molecules of type i. Qr, the volumc-def)end- 
ent part of the expression, is the configuration integral of the system, an 
integral over the configuration space of the molecules. 

For the usual classical mechanical case Qj is given as 

Qr — j j j dn • • • dr, • * • drA' (2) 

in which U is the potential energy of the system as a function of the co- 
ordinates of the molecules, and dr, is the element of configuration space of 

^Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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the j*** molecule in the system composed of N molecules. For the simple 
case of monatomic molecules with no internal degrees of freedom 


dr/ = dXjdyidZj (3) 

For the sake of simplicity of expression we shall limit ourselves to cases 
for which equation 3 is valid. 

The essential feature of the method followed is to split the integrand, 
g-vikT^ of equation 2 into a sum of terms, the first being unity throughout 
the configuration space, the others differing from zero only where certain 
numbers, mi, of clusters of I specified molecules each are close to each other 
in the cluster. In the case that the potential U of the system is a sum of 
^N(N — 1) terms, each a function only of the one distance between one 
pair of molecules, this analysis into a sum of terms can be made readily 
,from the mathematical form of the integrand. The integral of such a 
general term in this sum is a product of “cluster integrals,” Nvbi, each 
raised to the power wii, where v is the volume per molecule in the system. 
‘Kahn and Uhlenbeck have shown this to be a general result, independent 
of the use of the classical expression (equation 2) for Q„ and independent 
of the assumption that the potential is the sum of that between molecule 
pairs. 

Those terms characterized by the same set of numbers mt, but with 
different specified molecules associated together in the clusters, lead to the 
same integral in a one-component system, and correspond all to one definite 
distribution of the molecules in the configuration space. This distribution 
is simply one in which there are Wi clusters, each containing I molecules 
close to each other, in excess of the random expectation. Distributions 
described in this way are naturally significant only as long as the total 
volume is so large that some of the molecules, at least, are at distances 
large compared to the reach of the molecular forces from any neighbor. 
It is therefore not surprising that the method fails to give simple results, 
at least without forcing, for volumes lower than that of the condensed 
phase. 

If there are two types of molecules, with a total of L molecules of type a, 
and A molecules of type a, in the system, with 


L + \^N (4) 

we must distinguish the clusters by two numbers, I and X, the numbers of 
molecules of types o and a, respectively, in the cluster. 

The number of numerically equal terms in the integral Qr, with the same 
set of the numbers mi,x of clusters of I and X molecules each of types a and a, 
respectively, is just the number of vrays in which the L and A numbered 
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molecules of the two types can be distributed among the clusters. This 
leads to a numerical coefficient for each product 

n {Nvbur-^ 

l,\ 

in Qt, such that 

QriL, A, vb) V* TT 
L! A! “ ix 
S lmi,\ = L 
2 \mi,\ = A 

The cluster integrals, 6z,x, are volume-independent at large volumCxS. 
The volume per molecule V/, below which the bi,\s become significantly 
volume-dependent, is that of the condensed phase. We shall assume, in 
the subsequent discussion, that v is always greater than Vf, 

It is only in the case that the potential U may be written as a sum of 
interactions Uaat Waa, and Uaa between pairs of types aa, aa and aa, 

L L-l A L A A-1 

[/ = 2 ^aa(r mn } ”}“ ^aaC^m/i) “H Uaa(.^/ii'') (d) 


that the integral definition of the 6j.x can be readily given. Defining 

/aa(r„.„) = f„.n = - 1 (7a) 

faairm,) = U = - 1 (7b) 

/aa(v) = f,r = - 1 (7c) 

the equation for bi,\ is 

bl.\ = J ' ' J fmnfmitf^r d<l • • • d(j dtl • • • dr\ (8) 

(sum over all products consistent with a single cluster) 

in which d< is used for the element of configuration space of molecules of 
type a, and dr for molecules of type a. The sum goes over all possible 
products of the fa, such that all molecules are at least singly connected 
with functions / to every other. The integrals 6j,o and 6o,i are identical 
in form with that written as bi in previous papers on one-component 
systems. 

For the classical case, equation 2, and when expression 6 is assumed for 
U, irreducible integrals may be defined as 

J J ’ ' ' J Sn dti • • • d^tdri • • • dr, (9) 

(sum over all products with all molecules more than singly connected) 
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The cluster integrals bi,\ can be shown to be sums of products of the B*,* 
raised to certain powers. These integrals, JS*.*, differ from the irreducible 
integrals /S* of the earlier papers for one-component systems in their nor- 
malization. The two notations are so related that Bk,o and Bo.k are the 
same as 

The numerical coefficient with which a certain product of irreducible 
integrals Bk,K occurs in the cluster integral bi,\ is not easy to evaluate or 
simple to express in closed analytical form when evaluated. In appendix B 
these coefficients are calculated, and bi,\ is derived in terms of the Bk,K as 
a Cauchy integral. This form (equation B-23) is sufficiently explicit for 
our purposes. 

Of course it would be formally possible to define the quantities B*,* in 
terms of the integrals by the inverse of equation B-23. By this artifice 
the irreducible integrals are definable even when equation 6 is not valid 
or even in the quantum-mechanical case that Qt is not given by equation 2. 
The subsequent equations of this article arc therefore formally valid under 
all conditions, but, as pointed out by Kahn and Uhlenbeck, this seems 
extremely artificial. 

Certain sums, related to the gy sums of previous articles, occur repeatedly 
in the equations. These sums occur both as functions of the 5/,x with 
certain variables z and s', and also as functions of Bk,K with other variables 
y and rj. In order to shorten the notation the two cases will be distin- 
guished by using lower case and capital letters, respectively. The sums 
are defined as 

= Z Z (6o.o = 0) (10a) 

‘ = Z Z (B,., = 0 if fc + « < 2) (10b) 

»0 K^O 

The relationships 

gm,n = ^ ~ ^ (H®') 

^ (£)v ^ 

are seen to hold from the definitions 10a and 10b of the suras. 

II. THE METHOD OF USING THE LOGARITHM OF THE LARGEST TERM IN Q. 

Expression 5 for Q, consists of a sum of terms, each characterized by a 
certain set of the numbers mi,\ defining a distribution of the molecules in 
space. 

The logarithm of Qt, for large values of L and A, may be equated to that 
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of the largest term in the sum. The largest term, subject to the conditions 
that = L and = A, is found by the method of undetermined 

multipliers, using the symbols In z and In f for the two parameters. The 
details of the manipulation do not differ appreciably from those used previ- 
ously for one-component systems (5), and will not be repeated. 

One obtains for the quantity a(x), defined as 


limit at constant 
X = L/N, X = \/N 

as iV — > 00 



Qr(L, A, vb) 
L\A\ 


= a{x) 


( 12 ) 


the equation 

o(i) = ar In z -H X In f - vgo.o (13) 

(x + X = 1)> in which z and f are determined by the two equations. 


gi.o = - (14a) 

V 

go.i = ^ (14b) 

V 


From equation 1 the quantity a(x) is seen to be related to the work 
function x4, per mole of material, by the equation 



The pressure, 



kT j^^o.o + (a; - vgi.t) + (x - I'fl'o.i) 

is found to be, with the use of equations 14a and 14b, 

P = kTgo.o (17) 

The equation for the free energy, F, per mole is 

F. A + py.m[.\. z + x\n f] (W) 
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SO that the chemical potentials tia and Ha of the two molecular species are 


tta — kT In 





(19a) 

(19b) 


which shows the physical significance of z and f. 

The two sums gi,o and go,t (equations 14a and 14b) will be convergent 
for sufiiciently large values of v. Under these conditions the sjnstem will 
be one phase gaseous. The condensation volume v„ the volume per mole- 
cule of the saturated vapor, will be determined by that value of v for which 
ffi.o + ffo.i becomes divergent. 

For V > V, the quantities z and f may be expressed as power series in 1/v, 
and the first few coefficients determined from equations 14a and 14b by 
algebraic methods. If these coefficients are expressed in the J5*.,’s instead 
of the 6i,x’s (which can be done without great difficulty, since the expres- 
sions for the lower 6j,x’s in terms of the Bi.,'s are not difficult to evaluate), 
one finds that the lower terms agree with those of the equations 


in which 


* =: ye"®*-"'" 

(20a) 


(20b) 

X 

2/ = “ 

V 

(21a) 

II 

(21b) 


Inserting these values of z and C in ^o.o, and expressing this function as an 
inverse power series of v, one obtains, with equation 17, 

P — kT(y + »? “ G*i,o — Uo.i + Uo.o) (22) 

which is the virial expression for the pressure as an inverse power series 
in the volume. 

This method of using the logarithm of the largest term in Qt for In Q, 
has certain advantages. It expresses the thermodynamic properties of the 
system in terms of the configuration integral over the equilibrium distribu- 
tion of the molecules in space, and determines this equilibrium distribution. 
The numbers mi,\ of clusters of I and X molecules of a and a, respectively, 
in the equilibrium distribution are given by 

mi,x * Nvbijji'i* 


(23) 
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so that the individual terms and of vgi,o and vgo,i are the 

numbers of molecules of types a and a, respectively, in clusters of types 
I and X divided by the total number of molecules in the system. 

The method, however, is scarcely convincing mathematically. In the 
first place, the author is not quite certain that the total number of terms 
in equation 5 is sulEciently small to permit proof that the method is justifi- 
able even if all the terms are positive, as can be done for a one-component 
system. Secondly, the method is certainly unjustifiable if some of the 
bi,\B are negative, which will be the case at suflSciently high temperatures. 
Thirdly, equations 20 to 22 have not been generally proved, but it has only 
been shown that as many terms in the power series development of them 
are correct as have been specifically calculated. Since the difiiculty of 
calculation increases rapidly with the order of the terms, this method is 
not practical for terms even as low as the order Fourthly, the values 
of V, 2, and f for which gi.o + go.i diverges, and for which the gas starts to 
condense, are not readily calculable from the equations. 

We shall therefore resort in the next section to a more abstract mathe- 
matical method, based on that of Born and Fuchs (2), by which the equa- 
tions of this section are rigorously proved, and w^hich shows the conditions 
for condensation, 

III. THE EXACT MATHEMATICAL TREATMENT 

A rigorous proof of the equations for the system may be developed with 
the use of four purely mathematical theorems which are proved in appen- 
dices A, B, C, and D. These theorems are as follows: 

Theorem A: The function defined as 


H(*, r, p) = f f rV 

h-9 A-0 Li\ W 

(24) 

is equal to 


Hivb,r,p) = , — , — r 

1 ^ + (7o.i) 

(25) 

where the quantities z and f are now defined by 


r = 

(26a) 

p = 

(26b) 

Theorem B: The solution to the combinatory problem of finding the 
coefficients of the powers of irreducible integrals Bk., in bi.\ is such that 
bi,\ is given by equation B-23. 

Theorem C: From equation B-23 the sums 2 , f) may be expressed 

in terms of the sums C?™,. of the parameters B*., and variables y and ij 
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defined as functions of z and f by equations 20a and 20b, with the equa- 
tions C-10, C-12, C-13a, and C-13b. The sums flfn».i«and Gni,,i^Te defined 
by the equations 10a and 10b. The functions defined as 

W y — Cr 2 .o + 6ri,o (27a) 

il =1 rf — Go, 2 Go,i (27b) 

w == Gi,i (28) 

occur in these equations. 

Theorem D: The line of nearest singularity of H(vb, r, p) which deter- 
mines associated radii of convergence ro and po of the sum (equation 24) is 
known, from the positivity of the coefficients Qr, to occur on the real posi- 
tive axes of all the complex variable pairs, — r, p; f ; and y, rj. The func- 
tion H is regular for all real positive values of the variables smaller than 
those satisf 3 dng any of the conditions: 


(o) 

ffl.O + ffo.l = - 

(b) 

ffo.i + ffl.O singular 


which are equivalent to 


(«) 

, 1 
ff + V = - 
V 

W 

WQ- == 0 

( t ) 

Any (?m.M singular 


The function H is singular if any of these conditions is obeyed. 

There remains one point of a mathematical nature to be discussed. In 
a singly infinite series of one variable the radius of convergence determines 
the upper limit of the root of the coefficients. In the double sum (equa- 
tion 24) we are interested in the n^^'root of the coefficient for constant values 
of the ratio x = L/N, the mole fraction of the component a in the system. 
More specifically we seek the value of the function a{x) defined by equa- 
tion 12. 

The sum (equation 24) goes over all values of the mole fraction x, and 
diverges at certain associated values ro and po of its variables r and p. Each 
pair of values ro, po determines a{x) at some x value, but it remains for us 
to determine which value of x corresponds to a given pair ro, po. 

The fact that 
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must be used in the argument. Equation 29 follows from the relation 
(equation 15) between a(x) and the work function A of the system, since 
it can be seen physically that if equation 29 were not obeyed and the second 
derivative were negative, the system could separate into two phases of mole 
fractions Xi and X 2 with the same volume v per molecule, and with a de- 
crease in work function value. Under these conditions the system would 
be at equilibrium, and the derivative (equation 29) would be zero. 

A theonmi of M. E. Lemaire given in BoreFs book on series of positive 
terms, translated into our nomenclature, states that 

minimum with respect to x of [a(x) — x Inn — (1 x) In po] = 0 

for any pair of associated radii of convergence ro, po. 

Using equation 29 this may be rewritten as 

maximum with 
n{x) = respect to ro and 
Po at constant x 

where x ~ 1 — -i", and the maximum must, of course, be taken subject to 
the equation determining the values n and po of the associated radii of 
convergence. 

We now have the complete mathematical apparatus necessary to write 
the thermodynamical equations for the system. Using equations 26a 
and 26b 


X In ro + X In Po 


(30) 


/(r, ro, po) = X In ro + x\n po 

= a: In 2 + X In — vgo,o (31) 

in which the function/ is defined by the first line of this equation. With 
equations 20a, 20b, and C-12 in terms of y and rj, 

X K 

f{x, ro, Po) = X In y + X In IJ - - Gi,o - - Go.i — 

y V 

^(y V ~ Gj,a — (ro.l + Go.t) (31') 

The total differential of /, .at constant mole fraction x, may be calculated 
for changes in z and f from equation 31, or for changes in y and from 
equation 31', as 

Af -■ {x — vgi,a) ^ + (x - ^ (32) 

(32') 
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An absolute maximum with respect to 2 and f is obtained if equations 14a 
and 14b are obeyed, and a corresponding maximum with respect to y and ij 
if equations 21a and 21b are fulfilled. These equations (14a and 14b) 
or the corresponding pair ( 21 a and 21 b) show that this absolute maximum 
occurs at values of z,f and y,i\ which satisfy the conditions a and a, 
respectively. 

These equations determine the values of z,f or of for which H{vh, 
r, p) diverges, and simultaneously for which fix, u, po) has its maximum 
value at the corresponding value of x and x = 1 “ *• These values of 
2 ,f or of y,n, then, if inserted in equation 31 or 31' lead to values of / which 
are equal to a{x). 

Equation 13 and the subsequent equations of the previous section are 
thus proved, as long as the values of the variable pairs are smaller than 
those for which condition b or the equivalent conditions /3 or 7 are obeyed. 

IV. CONDENSATION 

For sufficiently large volumes condition a must be fulfilled at smaller 
values of y and tj than either condition p or condition 7 . The equations 
thus obtained are those of the imperfect gas, which, at infinite volume, go 
over asjnnptotically to those of the perfect gas. 

At given x and x = 1 ~ as the volume v is decreased there will be a 
certain volume, v„ such that when 

y. = - (33a) 

Vs 



condition /3 or condition 7 will be obeyed. Whether condition |8 or condi- 
tion 7 will be fulfilled will depend primarily on the temperature T, and to 
a less extent on x. In general, at low temperatures condition 7 will deter- 
mine the value of v,. One must expect a temperature range at higher 
temperatures for which v, is determined by the condition 0. 

This volume, v,, is the volume per molecule of the saturated vapor with 
mole fraction x of component o. As the volume v is decreased below v„ 
the values of the variables y and to be used in the equations for the 
system will change, and in such a way as to continue to satisfy condition 0 
or condition 7 , as the case may be, and also to keep df of equation 32' equal 
to zero. 

At any given volume v < v,, the values of y and t) so calculated determine 
the mole fractions x, and x« of the saturated vapor in equilibrium with the 
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condensed phase present, as well as the volume per molecule, v„ of the 
saturated vapor under the new equilibrium conditions. The equations are 


V, 


1 — y _ _ y 

y + v’ ** 2 / + ’?’ ~ y + ri 


(34) 


V. CONCLUSION 

The formal mathematical equations for the thermodynamical properties 
of a two-component system may be calculated, analogously to the case 
of a one-component system, in terms of certain integrals in the configura- 
tion space. 

The general development of the thermodynamic functions of the imper- 
fect gas with respect to inverse powers of the volume may be made in 
terms of the irreducible integrals B*., defined by equation 9. The equa- 
tions, for the most important functions, are: 


II 




- Z Z 

k^Q E-0 J 

(35) 

F = RT 

V2irwiafcr/ - + xln [^TTmakT/ v 



- Z Z (* + 

fc-0 «-0 J 

(36) 

= fcT [in (. T 5 - i f Z fcB»yxV“"‘-*] 

L \2irmakT/ V a; Ar-o ic-o J 

(37a) 

M, = kT\ In ( - y ^ ^ i: Z .B*.yxV<*+«->l 

L \27rmakT/ V X *-o «-o J 

(37b) 


V L *“0 J 

(38) 

/dP\ 
" Vaa/i 

= -J^ll-J^Zik + KXk + K- 
’ V L ««o 

(39) 


where B*., = 0ifA:-l-K<2, and x and x arc the mole fractions of the 
components a and a, respectively. 

The condition for condensation to begin is, at low temperatures, that 
the series of these equations become divergent. At higher temperatures the 
condition is that Tfn — w* = 0, where the functions W, 0, and w are de- 
fined in equations 27a, 27b, and 28. 
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APPENDIX a: the evaluation of the function H(vb, r, p) 

The configuration integral Qt{L^ A, vb) for L molecules of type a and A 
molecules of type a, for a system in a volume T = (L + ^)v = Nv^ is given 
by equation 5. The sum in this equation is the coefficient of in the 
function exp {L + A)t;po.o, where the sums are defined as functions of 
bixy z, and f by equations 10a and 10b. The configuration integral may 
therefore be written as a Cauchy integral, namely, 


Qr{L, A, vb) V TT 

L!A! lx ^Lx!' ■ 

2 — L 

2 \mix = A 

- 1- id ^ ^ 

~ 4ir* / / z'-f •' z f 


(A-1) 


where the path of integration over z must enclose the point z = 0, and that 
over f must enclose f = 0. 

We shall prove that the double sum 


ffw. r. .) - z: f 


^-0 A-0 


1 — fClll-O + STo.!) 

where the z and f occurring in the sums are special values of the inte- 
gration variables in equation A-1 determined by the equations 

r = ze-*'"" (A-3a) 

p = fe-*'"'' (A-3b) 

The method of proof follows closely that used by Bom and Fuchs (2), 
and by Kahn and Uhlenbeck (4) in the case of only one molecular species, 
for which only one pair of variables, r and z, occurs. 
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With equation A-l the sum (equation A-2) may be written 

df 
2 f 




The integrations must be made over paths enclosing 2 = 0 and f = 0, 
respectively, and no further singularities. In particular one can choose 
paths such that 

I (r/ 2 )c'’"“» I < 1 (A-5a) 


I (P/Dc”'*” 1 < 1 


(A-5b) 


just as in the case of the single variable. In this case the order of sum- 
mation and integration may be reversed, so that one obtains 


H {vb, r, p) 



1 

re'^^oo f 




dz df 


(A-6) 


Integrating, now, first over z, subject to condition A-5a, with fixed value 
of f, a pole enclosed by the path of integration is found when equation 
A-3a is satisfied. Tlie pole when equation A-3b is obeyed is not enclosed 
by the path of integration over z. 

Inserting the derivative of the denominator for the denominator at the 
pole, in order to evaluate the residue, one finds 

H{vb, r, p) = (£ — ! df (A-7) 

2Tn J 1 — vgi,o f 

where now the variable z occurring in gi.o and in go,o has the special value 
determined by equation A-3a in terms of r and p. 

Integrating now over subject to the condition A-5b, the pole when 
condition A-3b is satisfied is enclosed by the path of integration. The 
residue is determined as before by inserting the derivative of the denomina- 
tor for the denominator at the pole. The derivative is to be taken with 
respect to f at the value of f determined by equation A-3b with fixed value 
of r. One finds that 



(f ~ pe’’*'®'®) (at f determined by equation A-3b) 



^ dz /{ Z \9f/ r 

- 1 - vgo., - 


From equation A-3a one may write 


II 

1 

1 

1 

(A-9) 
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SO that, for dr ^ 0, 

_ £ vg<i.i 
dt/r “ f 1 - vgi.o 

Using equation A-10 in equation A-8, one obtains 

\Oi/r 1 — 

Finally, noting that 

(1 — vgi,o){l — t;gfo.i) *"■ v^gi,ogo,i = 1 — v{gi,o + go,i) (A-12) 

the result (equation A-2) is obtained for H(vbf r, p), where z and f are given 
by equations A-3a and A-3b. This proves equation A-2, provided that 
the paths of integration can be chosen subject to equations A-5a and A-Sb 
so that only one pole each corresponding to equations A-3a and A-3b is 
enclosed by the respective path of integration. The argument showing 
this is an obvious extension of the argument given by Born and Fuchs (2) 
for the case of the single variable, and will not be repeated here. 

APPENDIX B: the calculation or THE COEmcIENT OP THE PRODUCT 
H JSJ*/ IN THE CLUSTER INTEGRAL bi,\ 

We wish to calculate the coeflScient of the product 

n Kv (B-i) 

in the cluster integral bi,\. It is to be remembered that Z! X! occurs in the 
denominator of the definition (equation 8) of bi.\, and A:! k! in the denomina- 
tor of the definition (equation 9) of B/,,,. The coeflScient sought is there- 
fore X!) 11(^1 kI)"**, if Q. is the number of ways in which diagrams 

k, K 

may be drawn with I molecules of type o and X molecules of type a, which 
correspond to the product B-1 for a given set « of the numbers n*,.. 

The calculation of this number, 0., is equivalent to the following prob- 
lem: Suppose we are given I numbered round bolts, X numbered square 
bolts, and nt,. identical and unnumbered frames, each having k round and 
K square holes symmetrically situated with respect to each other, for all 
values of k, k subject to 

(^ + K ~ = Z + X — 1 (B-2) 

Z < ^ Z — 1 -f- ~ (B-3a) 

K 

X < £****.« ^ ^ ~ 1 4" ~ £nk,o 

k 


(A-10) 

(A-11) 


(B-3b) 
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where all undesignated sums run over both k and k from zero on up. The 
quantity Q, is then the number of ways in which the bolts can be inserted 
so as to fill all the holes in the frames, bolting the frames together so as to 
form one singly connected complex. 

The singly connected, or “bolted,” arrangement of frames will have 
~ 1 “joining places” between frames, of which n = ^kuk., — I 
will be at round bolts, and v = ^ kti*,., — X at square bolts. With equa- 
tions B-3a and B-3b one then has 


~ ]Cwo.« — 1 > n = Y'.knt . — I >0 (B-4a) 

K 

— 1 > — X > 0 (B-4b) 

k 

To aid in the subsequent description we shall assume that at every 
joining place between two frames made with a round bolt there is neces- 
sarily inserted a round washer, and that at every joining place with a square 
bolt there is a square washer, so that the total number of round washers 
is n and of square washers is v. 

Now every ‘^bolted arrangement’' can be unbolted into a ‘‘dissociated 
arrangement” consisting of one free bolt and of all the unconnected frames, 
each with exactly one hole unfilled with a bolt. Any of the I + X bolts 
in the bolted arrangement may be selected as the free bolt, after which the 
unbolting process is uniquely determined. Since no two dissociated ar- 
rangements with differing free bolts are identical, it follows that each 
bolted arrangement may be formed by bolting together any of Z + X differ- 
ent dissociated arrangements, I with a free round bolt, and X with a free 
square bolt. 

The number of bolted arrangements which can be formed may then 
be calculated as: either the total number of dissociated arrangements 
divided by Z + X and multiplied by the number of ways in which they can 
be bolted together; or, as the number of dissociated arrangements with a 
round bolt as the free bolt, divided by Z, and multiplied by the number of 
ways of bolting together; or, as the number of dissociated arrangements 
with a free square bolt, divided by X and multiplied by the number of ways 
of bolting together. We shall calculate with the second method, using a 
free round bolt. 

In the dissociated arrangement it is necessary to distinguish between 
frames for which the free hole is round, and those for which it is square. 
We shall designate the number of frames with k — 1 round bolts, k square 
bolts, and a free round hole by and by /i*,* the number of frames 
with k round bolts, ic — 1 square bolts, and a free square hole. We have 
then, that 


fnk,K + = Wife, 


(B-5) 
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In a dissociated arrangement with a free round bolt, one has that 

= n + 1 (B-6a) 

= V (B-6b) 

With a given set of the numbers m*., and uk,,, the total number of dis- 
sociated arrangements which can be made may be readily calculated as the 
number of ways in which the I numbered round bolts and the X numbered 
square bolts may be distributed among the unnumbered frames, and is 


fixin 

k,it 


_1 

(fc! K !)"*** 




(B-7) 


The quantity in B-7 must be divided by I and multiplied by the number 
of ways in which the dissociated arrangement can be bolted together, and 
then summed for all values of m*,* and tik,K subject to B-5, B-6a, B-6b, 
in order to obtain U,. 

It is necessary now to calculate the number of ways in which the disso- 
ciated arrangement can be bolted together to give bolted arrangements. 

Consider, in a definite dissociated arrangement, that a definite assign- 
ment of washers to the bolts has been made, «o that the numbers fm of 
round washers on each round bolt m, and the numbers <l>^ of square washers 
on each square bolt fi, are given. Suppose that, of the v square washers 
the number Pa are in frames with a free square hole, and the number Pa in 
frames with a round free hole. 

With this assignment of the washers to the bolts we shall prove that the 
number of ways in which the dissociated arrangement can be bolted to- 
gether is 


Pa pI n! 

" n/j 

M w 


(B-8) 


The proof follows: We select a square- bolt in a frame with a square free 
hole, having, say, <l>i washers assigned to it. This is to be bolted to ^ of 
the V — 1 frames other than its own which have square free holes. The 
bolting can be done in 

(p - 1)! 

(v — 4>i — 1)1 

different ways, since the order of bolting is immaterial. The complex of 
-|- 1 frames which is so formed has exactly one square hole and behaves, 
for the remaining process, exactly like a frame with a square hole. The 
total number of frames with square holes has been decreased by this process 
from r to p — 4>i. Repeating until all Pa square washers which were 
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in frames of square free holes have been used, we find that they can be 
bolted in 

different ways, where H </)^! goes, of course, only over the 0 values of the 

M 

square bolts in frames with free square holes. 

There now remain v — Va = Va complexes or frames with square holes. 
It is also seen from B-9 that unless j^o ^ 1 we will have gotten into trouble 
with the last washer, which would have had no frame to which it could 
have been bolted. 

Continuing now with the square bolts in frames with free round holes, 
we find that any selected bolt with, say, <^2 washers, may be bolted in 

{ v — t^ g)! Va{v — a — l).' 

(v — Va — 02 )! 02 ! (v — Va — 02 )! 02 ! 


W’ays to any 02 of the remaining Va frames or complexes with square holes 
free. Repeating until all the square washers have been used, one finds 
that the square bolts can b(‘ used to bolt the frames together into incom- 
plete complexes in 


11 0m! 


Va 


n<>M! 


(B-IO) 


different ways. 

There remain now 7i + 1 complexes or frames, each with one round hole, 
and with n round washers altogether, and also one free round bolt. 

Again we select some bolt, this time a round one with, say, fi washers. 
This can be bolted to/i of the n frames other than its owm in 


7l\ 

(n"^0!/i! 


different ways. If the free bolt is chosen last in the bolting process one 
gets into no difficulties, and- the number of ways in which the round bolts 
may be used to bolt the complexes and frames together so as to end with a 
completely bolted arrangement is 



(B-11) 


Multiplication of B-10 by B-11 leads to B-8 as the number of ways in 
which the dissociated arrangement may be bolted together with a given 
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assignment of the washers to the bolts, that is, with a given set of the num- 
bers f„ and 

Now a given set of the numbers /„ and^,. of washers on each bolt m and m 
can be formed m 

v\ n\ 

n/mi 

ti m 

different ways if the washers are numbered, so from expressions B-8 and 
B-12 it is seen that the number of ways in which the dissociated arrange- 
ments can be bolted together is vjv times the number of ways in which the 
numbered washers can be assigned to the bolts consistent with a given ><«, 
and summed over all values of Va from unity to v. 

The number of ways in which, of the v numbered square washers, va can 
be assigned to any of the numbered square bolts in frames with a 

free round hole, and Pa = v — to the X — ^icmie,, square bolts in frames 
with a free square hole is 

V, (2 (X - Z (B-13) 

PaliP — Po)l 

Multiplication of expression B-13 by Pa/p and summing over all values of 
Pa from 1 to v leads to 

X‘'-“ Z m*. (B-14) 

The number of ways that the n numbered round washers can be assigned 
to the I round bolts is 


r 


(B-15) 


Multiplsdng B-13 by B-14 gives the number of ways in which the disso- 
ciated arrangements can be bolted together as 

Z"X‘'"“ Z (B-16) 


Finally, B-7 multiplied by B-16 and divided by I gives the equation for 
Slj as 


Q, - 


II X! y' TT Z Kfnk,t 

Pkt 


(B-17) 


in which the summation over mi,,t and nk,K is subject to the conditions 
determined. by equations B-4 to B-6 inclusive. These may be rewritten as 

Z — 1 + 1 > 0 

Z Mt,* — Z + M*.») — X > 0 


(B-18a) 

(B-18b) 
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The upper limits on the sums, ^ m,k., and 2 AUt.. finally reduce merely to 
the requirement that Ktrik,, be greater than zero, and since equation B-17 
contains this sum as a factor these limits may be omitted. 

Finally, multiplication of S2, by H to obtain the coef- 

k,K 

ficient in b/,x leads to the equation for hi,\, 








(B-i9) 


in which the summation is subject to the limitations of equations B-18a 
and B-18b. 

Equation B-19 is not obviously symmetrical in I and X, which, in view 
of its derivation by considering only the dissociated arrangements with 
free round bolts, should be checked. It is also not in a convenient form 
for the purposes of calculation. We shall now proceed to alter its form by 
expressing l\bi,\ as a Cauchy integral, in which form it can be seen that the 
expression is completely symmetrical in the two kinds of molecules. 

The sum on the right-hand side of equation B-19 is seen to be the co- 
efficient in the development of the function 


a ^loiofy (B.20) 

drj 

where the sums fro.i and (A.o, which arc functions of Bk,K and of y and r? 
are defined in equation 20-b. The equality of the coefficient of in 
equation B-20 with the expression B-19 can most easily be seen by direct 
development of the function B-20 


*X(?oi/i7_ d lOiQfy 

orj 


= EII 




"*,« y V y r 

dTj 


zn 

m* K k.K 


rrikJ 


nmkK^M-DmkKKtnkK 

^kK y V 


= zn 

ink,K *.« 
Mk,K 


m*,,! 




k,K 


y 


V 


(B-2O0 


If now the indicated differentiation is carried out in the original form 
for the function B-20, one obtains 


gXooi/f ^ = i G, (B-21'' 

dv y ' 

From this one obtains the equation, symmetrical in I and X, that is 
the coefficient of y‘ri^ in 
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With the use of the Cauchy iategral one may write 

Mu - - 4^ // (B-23) 

where the path of integration of y must enclose the point y = 0, and the 
path of integration of ri enclose i; = 0. The form (equation B-23) for 
will be used in appendix C for the calculation of the sum gi,i. 


APPENDIX C: THE EVALUATION OF THE FUNCTIONS ^m.M 

With equation B-23 for l\bi,x the evaluation of the sum 

i-O x-o 

S' ^ (c-i) 

47r2 x -0 / / \ y / \ 7) / y V 

follows practically the same method as that used for H(vbj r, p) in appendix 

A. By limiting ourselves to integration paths for which 

1 I < 1 (C-2a) 

I I < 1 (C-2b) 

the order of summation and integration may be reversed, obtaining 

1 


ffj.i = 




2'^Giofy — ^^Ooih 


dy d»i 


Integrating this first over y, the pole 


(C-3) 


(C-4a) 


is enclosed by the path of integration and the residue evaluated by taking 
the derivative of the denominator at the pole. One obtains 

Gi:«) 

"" 2«' / F f, - fe®"*'* 

where the functions W and w are defined, with their companion it, by 
equations 27a, 27b, and 28. The value of y to be used in equation C-5 is 
that of equation C-4a. 

Integrating now over ij, the pole at 

f (C-4b) 
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is enclosed by the path of integration. The derivative of the denominator 
with respect to ri at the pole must be taken with constant 2 . One finds that 


From equation C-4a 

- yL y V 

so that, with dz = 0, 

V ( 

y \dvJs W 

is obtained. Using this, equation C-6 is found to be 

and the function gi.i is then given as 


9i,i 


Ijriw 

WQ — w- 


(C-6) 


(C-7a) 


(C-8a) 


(C.9) 


(C-10) 


where the values of y and rj are determined by equations C-4a and C-4b. 

The relationships bctwecTi the various sums are given in equa- 
tion 31a. 

If the companion equations to equations C-7a and C-8a, 


dr 

r 



are used, one finds that 


z 


y \dz/( WQ — 

I ( ^ 

n \9f/» 

\dz/{ IFfi - to® 


(C-7b) 

(C-8b) 

(C-lla) 

(Cll-b) 

(C-llc) 
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With these equations, and the relationship 11a, direct differentiation 
of the expressions 


fi^o.o = y + »; — (ri,o — Oo,i + Go,o 

(C-12) 

II 

o 

(C-13a) 

9o.i = 1? 

(C-13b) 


to obtain shows that the set of equations above is correct to within 
constants of integration which depend only on y or only on n- That these 
“constants” have been correctly chosen follows from the fact that by set- 
ting either a = 0 and y = 0, or by setting f = 0 and i? = 0, the above 
equations reduce correctly to those for the case of a gas composed of one 
component molecular type only, equations which have been reported in 
previous papers (2, 7). 

This simple algebraic checking will be omitted here, but it may be well 
to point out that, owing to the difference in normalization, the irreducible 
integral Bk.o corresponds to fin-i/k in the old notation. It follows that 
the sum which is zero if y = 0, reduces to go(p, y) in the old notation 
when i; = 0, 

APPENDIX d: the condition that H{vh, r, p) is bingulau 

The values of the three complex variable pairs (r, p; a, and y, »j) 
for which the function H{vb, r, p) is singular, are values of particular 
significance. 

One fact, which is sufficient for our purposes, that the coefficients Qt{L, 
A, vb)/L\ a! of r‘‘p^ in H are all real and positive, is of great importance. 
From this it follows that the first singularity of H, determining associated 
radii ro and po of the circles of convergence, occurs on the real positive axes 
of r and p, and also that for positive values of r and p the function H itself 
is always positive. 

It is clear that H is regular for all values of z and f such that both 

(a) 91,0 + 9o.i 9^ J 

and 

(h) yi.o + go.i regular 

are obeyed. 

FurtW it is evident from conditions a and b that H is regular if all three 
conditions 


(«) 
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TTfi — ■uj* 5^ 0 
All Gm,i, regular 

are obeyed for the functions of y and y. 

We shall prove that the first singularity of H occurs when any of the 
conditions a, b or a, 0, y are violated on the real positive axes of the vari- 
able pairs or y,ri. 

From equation A-2 it is seen that H is singular whenever condition a is 
violated, and from equations 13a and 13b that condition a is equivalent 
to condition a. 

From the relations (11a) connecting the functions it is seen that 
gi.o + ffo.i is singular whenever either go.o or gi,i is singular. Similarly, 
from relation 11b, whenever any of the sums Gm,^ is singular, the sum 
Gi,o + Goa — Go.o is singular. 

From equation C-10 one sees that whenever condition 0 is violated, 
condition 6 is also. 

The Jacobian d(y, v)/3(z, f) may be calculated from the equations C-11 
to be 


dz dt 

dri dr) 
dz if 

The corresponding Jacobian for 2 ,f and r,p may be calculated to be 

dz dz 
dr dp 

dr dp 

Neither of these functions is singular or zero. 

Consider a “thin” region in the four-dimensional space of the two com- 
plex variables r and p which consists of all those pairs of r and p for which 
the real parts lie between zero and the line of nearest singularities of H, 
while the imaginaiy parts are small in absolute value. This thin four- 
dimensional region is mapped by the composite of transformations A-3a 
and A-3b in a one-to-one manner on a region of the complex (z, f)-space 
in such a way that positive values of r and p correspond to positive values 
of z and f . 

This region of the (z, f)-8pace, in turn, is similarly mapped on a region 
of the (y, i/)-space. 

In view of the non-vanishing of the Jacobians of the component map- 


rp 


(D-2) 


* 

y n 
2f 


(D-l) 
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pings, the composed mapping cannot create or destroy a singularity within 
the image of these regions. 

From equation A-2 it is seen that H is zero if + ^o,i becomes infinite. 
H cannot be zero for real positive r and p, so that this possibility is excluded. 
If ^ 1,0 + ffo.i has an essential singularity, H must be singular in view of the 
non-vanishing Jacobian, It therefore follows that if condition h is violated 
on the real positive axes of z and f, the function H is singular. 

From equation C-12 and the non-vanishing of the Jacobian D-1, it is 
seen that po.o and therefore pi.o + are singular if (ri,o + Go.i — (ro.ois 
singular. It follows that H is singular if condition 7 is violated on the 
real positive axes of y and rj. 


NOTATION 

A — E — TSj work function, or Helmholtz free energy. 
a and a are used as subscripts to indicate molecules of type a or of type a. 

_ lim r 1 QriND^x, NDAl - x), .*)] 
ND, 00 L ND,x TNDJI ND (1 -x)\ 'J 

Bk,, — irreducible integral of k molecules of type a and of k molecules of 
type a (defined in equation 9). 

bi,\ = cluster integral of I molecules of type a, X molecules of type a 
(defined in equation 8). 

Dx = irreducible denominator of rational x. 

F A + PV = E + PV - TS, Gibbs’ free energy. 
f(x, To, po) = a: In ro — X In po. 


G„.k = i: Z h”'K^Bk.,y%\ (Bk.. = 0 if fc + « < 2). 

ffm., = Z Z r\%.kz‘t\ (bo.O = 0). 

Z-0 X-0 


H(vb, r, p) 


^ V Qr{L,A,vb) 
L!A! 


r p , 


iQM 0, vb) = 1). 


L, A = total number of molecules of types a and a, respectively, in the 
system. 

iV ~ L + A, total number of molecules in the system. 

Q = phase Integral. 

Qr {L, A, vb) = configuration integral, the volume-dependent factor of Q 
multiplied by LI A I 
r, p variables of H(vb,r,p). 
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ro, po = radii of convergence of H{vb, r, p), related to the work function per 
molecule. 

= V/N, volume per molecule in the system. 

Vt = volume per molecule in the saturated vapor. 

= (2/ - f? 2.0 + «l.o). 

U = {rj — Go .2 + 

W = Gi,i. 

XjX — A/N, respectively, the mole fractions of molecules of types 

a and a, respectively, in the system. 

XsjX* = the mole fractions of a and a, respectively, in the saturated vapor. 

y and 17 are used in three senses: (I) as variables in a Cauchy integral; 

(II) as special values of these variables for which the 
integrand has a pole, thus they appear in the integrated 
expression of the integral; (III) as a special case of II, 
for which the other parameters of the integral have such 
values that /f(v&,r,p) diverges. In this last case they 
are numerically x/v and x/^j respectively, if the system 
is one phase gaseous, or x^/vs and x«/v»i respectively, if a 
li(iui(l phase is present. 

z and f ar(» used in three senses: (I) as variables of integration in a Cauchy 
integral; (II) as special values of these for which the 
integrand has a singularity in the expression for the 
integrated Cauchy integral; (III) as a special case of II 
for which the parameters of the integral have such a 
value that H(vb,r,p) diverges. In this case they are 
related to the chemical potentials pa and Ma, respectively, 
by equations 19a and 19b. 
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A large number of non-polar liquid mixtures conform approximately 
to the laws of the regular solution, originally formulated by Hildebrand 
(3) on the basis of thermodynamic considerations. The regular solution 
has beem treated from a molecular point of view by Scatchard (7), by 
Hildebrand and Wood (4), and by Guggenheim (2). A regular solution 
is primarily characterized by the fact that it possesses the entropy of 
mixing of an ideal solution. This implies the existence of a random molec- 
ular distribution in the solution. By random distribution we mean that 
the neighbors of each molecule are, on the average, distributed among the 
various molecular species of the mixture in the proportion of their mole 
fractions, the average local composition in the vicinity of the molecule 
being identical with the bulk composition of the solution. In real solu- 
tions with non-vanishing heats of mixing, random distribution can scarcely 
provide more than an approximate description of the actual situation. In 
seeking an explanation for the departure of actual solutions from regular 
behavior, it is therefore of importance to study the influence of deviations 
from random distribution on the thermodynamic functions of the system. 
The present investigation is concerned with this problem. 

The average distribution of the neighbors of a molecule in solution, 
among the various molecular species present, is determined by two oppos- 
ing influences, — the disordering effect of thermal motion and the ordering 
effect of intermolecular forces. For example, in a binary solution in which 
the intermolecular attraction between unlike molecules is greater than 
that between like molecules, each molecule will exert an ordering influence 
in its vicinity resulting in a local composition richer in molecules of the 
opposite species than the solution in bulk. On the other hand, if the 
attraction between like molecules is greater than between unlike, a local 
composition in the vicinity of each molecule, richer in molecules of the 
same species, will result. The extent to which local segregation of this 

^ Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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sort can be established depends upon the violence of thermal motion and 
will be greater the lower the temperature. At sufficiently low tempera- 
tures it may manifest itself on a macroscopic scale by causing the solution 
to separate into two phases. 

The problem of local order or order of neighbors was discussed by Bethe 
(1) from a quantitative point of view in his theory of superlattices in solid 
solutions. Into this problem there entered another type of order, long- 
range order, relating to the segregation of the components on interpenetrat- 
ing lattices in the crystal. Since there can be no question of the establish- 
ment of long-range order in liquid solutions, we need only concern ourselves 
with local order. An alternative method of treating order and disorder in 
solid solutions, developed by the writer (5), is particularly well adapted 
to the investigation of local order in liquid solutions. Although, in the 
meantime, the problem has been treated by Rushbrooke (6), using Bethe ’s 
method, it seems worthwhile to discuss the question from the standpoint 
of our method if only because of its simplicity and directness. 

II 

We consider a non-polar binary liquid solution composed of Ni mole- 
cules of type 1 and Nz molecules of type 2, the total number of molecules 
Ni -I- Nf being designated by N. Following the general lines of Guggen- 
heim^s method (2), we span the volume v occupied by the solution by a 
virtual lattice, dividing it into N cells of equal size. Neglecting configura- 
tions in which two or more molecules occupy a single cell, we may express 
the partition function of the system as follows- 

e 

P = l/kT (1) 

where the sum extends over all configurations, c, of the system, the term 
'^configuration'^ being employed in a special sense here to designate a 
specific distribution of the cells among the N molecules.* E{c) is the energy 
of the system in the given configuration when each molecule is situated 
at the origin of the cell which it occupies, and Q(c) is a vibrational partition 
function appropriate to the given configuration, analogous to the lattice 

* The formulation, equation 1, is really of value only for spherically symmetric 
molecules of equal size. However, if formally applied to non-spherical molecules, 
the factors, 0(c), are understood to include rotational contributions to the partition 
function in the given configuration, and the free volume factors, v, in equation 2 
should properly include a factor in rotational configuration space. 

’ By considering the distribution of cells among molecules rather than molecules 
among cells, we avoid the necessity of dividing by ATiI Nil, since we make no distinc- 
tion between configurations differing only in the permutation of identical molecules. 
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vibrational partition function of a crystal. In the theory of Guggenheim 
Q(c) is assumed independent of configuration and composition and is 
expressed in the following form 

Qic) = (2) 

where mi and nh arc the masses of the two molecular types and v is the 
free volume of a molecule in any cell/ On the basis of equation 2 and the 
assumption that the energy E(c) is independent of configuration, Guggen- 
heim deduces the laws of the regular solution of Hildebrand. We shall 
employ the first assumption, embodied in equation 2, but not the second. 
By taking account of the fluctuations in energy among the various con- 
figurations, we are able to investigate the ordering effect of a given mole- 
cule on its neighbors and the resulting deviations from the laws of the 
regular solution. 

A configuration of the system may be uniquely specified by a set of 
numbers . . . . ijat, stating the numbers of molecules of type 1 in each of 
the N cells. Each variable rja may assume one of two values, zero or unity. 
Equally suitable for the purpose is the set pi . . . . py, stating the number 
of molecules of type 2 in each cell. Obviously these sets are not inde- 
pendent, but for each cell a the relation, rja + pa == 1 , holds. Neverthe- 
less, for the sake of symmetry in notation, we shall find it convenient to 
employ both sets of variables. The following sum relations, satisfied by 
the and the p^s, are important. 

llva = Ni; 'tpa=Ni (3) 

a — 1 (*=-=1 

wdiere the sums (*xtend over all cells. 

In calculating the energy, E{c)y of a given configuration, we shall neglect 
the interaction of each molecule with all but its z nearest neighbors, an 
approximation which is fairly good, since we are concerned with non-polar 
molecules coupled by short-range intermolecular forces. If there is no 
volume change on mixing the pure liquid constituents 1 and 2, the energy 
then has the form 

E = Eo + NVop 

Vo = z[Vi2 - h(Vu + V22)] ( 4 ) 

where Eo is the energy, Ei + E 2 , of the two pure liquids before mixing, Fu, 
Vi 2 f and Fi 2 are the mutual energies of the indicated types of nearest 

^ The free volume v differs from that of Eyring and Hirschfelder, since the latter 
authors give equal weight to configurations in which two or more molecules are in a 
single cell. (See Rice: J. Chem. Phys. 6, 476 (1938).) The distinction is of no 
practical importance in the present discussion, since the free volume does not appear 
in the free energy of mixing. 
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ndghbor pair, and p is a variable depending upon configuration in the 
following manner 

P “ iX/Nz) Z) NaH?aP» (5) 

a, 6-1 

where Xo6 is unity if the cells o and 6 are neighbors, and zero otherwise. 
Evidently we may write 

ff 

^06 ~ ^ (6) 

6-1 

for any cell a. 

The Gibbs free energy of mixing, AF, equal to AA, the work content 
change, if there is no volume change on mixing (8), is related to the partition 
functions of the solution and the pure liquids before mixing, /, /i, and / 2 , 
respectively, in the following manner 

(7) 

/* = ■ 

and /is given by equations 1 and 2. Equations 1, 2, 4, and 7 then allow 
us to write 


« = Vo/kT 


( 8 ) 


where the sum extends over all values of p consistent with condition 3, 
and «(p) is the number of configurations corresponding to a pven value 
of p. Evidently we have 



(9) 


where the binomial coefl5cient 



is the total number of configurations 


of the system, equal to the number of ways in which the N cells may be 
distributed among Ni molecules of type 1 and Nt molecules of type 2. We 
define a distribution function, (pip), normalized to unity by the relation 


w(p) 



vip) 


( 10 ) 
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The free energy of mixing, AF, may then be written 

AF /kT = Ni log Xi + Nt log xt — log cr 


where the factorials of large numbers 


( n ) 


have been evaluated by 


Stirling's formula and Xi and 0 C 2 are the mole fractions Ni/N and N 2 /N 
of the two components. 

The extreme difficulty of determining the distribution function, <p{p)j 
prevents the direct evaluation of the sum cr. However, its logarithm may 
be expanded in a power series in a, the coefficients of which involve the 
moments of (p{p). 

( 12 ) 

n-1 nl 

where the quantities, Xn, are the semi-invariants of Thiele,^ which are 
related to the moments Mn of (p(p) by the following set of linear equations 


sfc-i) 


I ^ 2, 

Mn = 11 pV(p) 


Solution of equations 13 yields for the first few semi-invariants 

Xi = Ml 

X* = - M\ (14) 

X, = M, - ZMiMi -1- 2M\ 

For the calculations of the moments, Mn (equation 13), it is convenient 
to introduce the variables .... as indices of summation, since p de- 
pends upon these variables (equation 5). From the definitions of ^(p) 
and «(p) we may write 


fn = 2 [pivif ' ' ‘ Vff)T 

\iVi/ 


N 

a-I 


We note that if m is a positive exponent 


ria^ = Va] 


Pa' = Pa 


*See A. Fisher: Mathematical Theory of Probabilities, 2nd edition. The Mac- 
millan Co., New York (1926), 
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since i/o and po are restricted to the values zero and unity. This fact, to- 
gether with equation 5, leads to the following expression for the moments, 

M„ = (l/NzT Z Z 


Vr. = 



1 

* ' * Vofpbi * * * P6, 


If 

0-1 


where Prt^ is the number of terms in 



(17) 


involving r + * distinct indices (cells) Oi, . . . a,, bi, . . . b,. The validity 
of equation 17 of course assumes that y,, is independent of the particular 
set of r 4- s cells involved. This we shall show to be the case. The 
product, i 7 o, ■ . . • ’?a, Pbi ■ ■ ■ ■ Pb, is unity if r specified cells Uj . . . Or are 
occupied by molecules of tjrpe 1 and s specified cells bi . . .b, are occupied 
by molecules of type 2. Otherwise it is zero, since it vanishes if any of 
the r + 8 factors is zero. Thus the sum on the right-hand side of equation 
17 is exactly equal to the number of ways in which N—r—s specified cells 
may be distributed among Ni—r molecules of type 1 and Nj — s molecules 


of type 2, equal to 


(N-r- 
\ Ni- 


^ J, multiplied by the number of ways r specified 


cells may be distributed among r molecules of type 1 and s specified cells 
among s molecules of type 2, equal to unity. Thus we have the following 
expression for y„: 


yr. = 


/JVVVJV -r-s\ 
\Ni) \ Nr- r ) 


(18) 


a result which is independent of the particular set of r -f- s specified cells 
involved. We shall not attempt to give a general expression for the co- 
efficients Vr?’ , merely calculating them for certain specific values of n. The 
first moment. Mi, is easily calculated, i'll’ being equal to Nz, the total num- 
ber of terms in the sum (equation 5). Thus we have by equations 17 and 
18, 


"■ - (w J '(m - ?) = + s) + 
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where 0(1 /JV*) denotes terms bearing a ratio or order \/N“ to the initial 
term. For the calculation of the .second moment M^, we find by inspec- 
tion of the second power of the sum in equation 5 

.-I?’ = Nz 

i/Jj' = = Nz{z—\) (20) 

= NH"- - 4^'22 -I- 2Nz 

We note that the sum of the r'r' is les.s than the total number of terms, 
{NzY, in the sum, 

^ \tbVaP^ 

since any terra in which an index a is etpial to an index b vanishes by virtue 
of the relation >;» + Pa = 1, requiring riaPa alway.s to vanish. By equations 
17, 18, and 20 we obtain, after some algebraic reductions, 

Mi = ^1 + — + 0(1/A’*) (21) 

The moment Mz may bo oaleulated by a similar {)rocedure. Finally we 
obtain with the aid of eciiiation 14 the following expressions for the semi- 
invariants. 


\l = ZiXt 

X 2 = 2x\xllNz (22) 

X3 = — 4XiX2(Xi — 

In the calculation of X3, the details of which have not been given, it is 
necessary to retain terms of order in Mi and M2. The method just 
described for the calculation of the momenis is similar in principle to that 
employed by Van Vleck in his treatment of the Heisenberg theory of ferro- 
magnetism. An alternative method has been described by the writer in 
an earlier article which involves the use of interpenetrating lattices. It 
may equally well be used in the present calculations. 

Equations 11, 12, and 22 lead to the following expression for the free 
energy of mixing of the solution: 

AF/NkT = Xi log Xi + •**'2 log x* + axix^ — {a-/z)xlxl 

- {2a^/3z^‘)xlxl(xi - X2)* (23) 

Equation 23 is valid to terms in the fourth and higher powers of a. By 
means of the thermodynamic formulas, 

E = diF/T)/d{l/T) 
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and 


iS = - bF/BT 

expressions for the average energy and entropy of mixing may be obtained. 
AE/NkT = aXiXz — (2a^/z)x\xl — (2a^/z^)xixl(xi — x^)^ 

0 0 o o ( 2 ^) 

AS/Nk = ~ Xiloga?! — 352 log 0)2 — (a^/z)xixl — (4aV32®)iCi^2(2?i — 

The chemical potentials of the two components may be obtained by 
differentiation of AF with respect to Ni and N 2 f respectively, at constant 
temperature, pressure, and number of moles of the other component. 

(mi — = log Xi + axl — ipfi/z)xix\{^X 2 — 1)4-.... ] 

\ ( 25 ) 

(M2 — tJLi)/RT = log X2 4 * “• icX^/z)XiX2{SXi — 1) 4- ... . j 

where /xi and m 2 are the chemical potentials of the pure liquid components. 
The retention of terms in the first power of a alone in equations 23, 24, 
and 26 leads to the laws of the regular solution. The terms in the higher 
powers of a represent the ordering effect of each molecule on its neighbors 
and the resulting deviation from random distribution. 

The constant Fo, equal to akT^ may be computed from the heat of solu- 
tion at any temperature by means of equation 24. Since there is no volume 
change on mixing, AE is equal to AH, the negative of the integral heat of 
solution. If we designate by L the negative of the integral heat of solution 
per mole of an equimolal mixture of the components and retain only terms 
in in equation 24, we obtain 

a = 2 [1 - (1 - 8L/zRT)^'^] (26) 


In the greater number of non-polar liquid mixtures L is positive, corre- 
sponding to a negative heat of solution, and « and Vo are also positive. 

When a is positive there exists a critical solution temperature below 
which the solution separates into two phases. Although in most non- 
polar liquid mixtures this temperature lies so low that the solution is un- 
stable with respect to solid phases before it is reached, a discussion of the 
question is not without theoretical interest. For the coexistence of two 
liquid phases y and e, the conditions of heterogeneous equilibrium require 


Mi’’ 






(27) 


where etc., are the chemical potentials of the components in the 

respective phases. From the symmetry of equations 26 remark that in 
either phase 
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m 

- mS = 


(29) 


n(x)/RT = log* + a(l — x)* — (a^/z)x(l — x)“(2 — 3x) 

Thus equations 27 reduce to 

+ x^^> = 1 

4 *’ + = 1 

Equations 29 are satisfied if 

= x^*’ 

X^^> = xl*> 
xi’'^ + x^^> = 1 

where 5 is the difference, Xi'’'’ — x{*’ or xi‘^ — x*'*'\ in composition of the 
two phases. Equations 28 and 30 lead to the following condition on 5: 

5 = tan ft (58) 

B = ^[a — (a^/z)(l — 8®)] (31) 


(30) 


For two phases to coexist, equation 31 must have a real solution differing 
from zero, the vanishing solution corresponding to the trivial case in which 
the phases are identical. A non-vanishing real solution exists only if B 
is greater than unity. Thus there exists a critical value ue which must be 
exceeded for two phases to coexist, satisfying the equation 

a* — 2zae = 0 


«« = 2[1-(1-4/z)i«] 


(32) 


and a critical solution temperature, Tc, below which two phases can coexist. 

Tc = Vo/kac (33) 

For a regular solution in which only the linear term in a is retained, T® is 
equal to 0.6 Ve/k. However, from equation 32 we calculate for a® a 
value, 2,34, with body-centered packing, z = 8, and a critical solution 
temperature 0.427 Vo/k. This is lower than the regular solution value 
by 15 per cent. Thus the local order established by a molecule among its 
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neighbors opposes the tendency of the solution to separate into two phases. 
The latter process may be regarded as a macroscopic mechanism for estab- 
lishing order, satisfying the tendency of a molecule to make its environ- 
ment rich in its own species when a is positive. This tendency may be 
partially satisfied without separation into two phases through the micro- 
scopic ordering mechanism by means of which a molecule establishes a 
local composition richer in its own species than the solution in bulk. 

A remark about the relative magnitudes of the various terms in the free 
energy of mixing, equation 23, is perhaps appropriate. We shall consider 
only the regular solution term axix^ and the quadratic term {pL^lz)x^x^, 
The latter term bears a ratio of otXiX^/z to the regular solution term. With 
z equal to eight in an equimolar mixture at the critical solution tempera- 
ture, this ratio is equal to 0.07. Thus the local order effect produces a 
rather small deviation from the regular solution, smaller, indeed, than one 
might surmise on qualitative grounds. 

Rushbrooke (6) obtains an expression for the free energy of mixing in 
which the local order contribution involves an exponential. When the 
exponential is expanded and notations are brought into correspondence, 
his equation and equation 23 are in agreement in the linear and quadratic 
terms in a. However, the cubic terms in a do not agree, and indeed 
Rushbrooke^s term depends upon composition in an entirely different 
manner from our own. Since the present treatment provides an exact 
method for the expansion of the free energy in powers of a, within the 
frame of the simplifying assumptions underlying both theories, it would 
appear that not much significance can be attached to the higher powers 
of a or l/T in the expansion of Rushbrooke^s exponential. The conclu- 
sions based upon the two treatments are, however, essentially the same. 

When we come to consider the influence of the local order effect on the 
deviation of actual solutions from regular behavior, we find that it is 
generally overshadowed by other effects. An analysis of the data on a 
large number of non-polar liquid mixtures by Professor Scatchard (9) 
shows that in solutions for which AJ? and a are positive, the entropy of 
mixing, in excess of the ideal value, R{— Xi log Xi — log x^, is in general 
positive, whereas the local order contribution, — {a^/z)x\x\y from equation 
24 is always negative. We shall not speculate on the nature of the other 
effects at the present. However, they are doubtless concealed in the 
vibrational factors 0(c) of the partition function (equation 1). Moreover 
it seems certain that the Guggenheim approximation, in which these 
factors are treated as independent of both composition and configuration, 
is far too drastic to provide an exact theory. 

In conclusion, we remark that although the local order effect is rela- 
tively small and generally overshadowed by other influences, an analysis 
of the t3rpe which has been described seems not without value, since these 
conclusions could scarcely have been reached by qualitative reasoning. 
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I, THE SYSTEM IODINE-CARBON TETRACHLORIDE THROUGH A 
RANGE OP 161“C. 

The large deviations from Raoult’s law shown by solutions of iodine 
with carbon tetrachloride, and their dependence upon differences in internal 
pressure rather than upon changes in molecular species, have made this 
system one of the most interesting examples of a non-ideal solution, and 
it has been dealt with in several previous papers (6, 7). In the most 
recent of these the course of the solubility curve for the range 0® to 50°C. 
was made the basis for predicting the existence of two liquid phases above 
the melting point of iodine. This proved to be true, with a consolute 
temperature of 161®C., well within the limit of accuracy of the prediction. 

It has seemed desirable to determine a few points within the long interval 
between 50® and 130°C., so as to have a better record of the temperature 
dependence. As part of this program, direct determinations of the heat 
of fusion of iodine and the heat capacities of both solid and liquid have 
been carried out in this laboratory by K. J. Frederick (3). This has lent 
more confidence to our calculations of the ideal solubility of the solid iodine. 

Iodine from Kahlbaum and carbon tetrachloride from the Eastman 
Kodak Company were used without further purification than drying the 
latter with calcium chloride. The proper amounts were put into a simple 
Pyrex glass apparatus consisting of a horizontal, cylindrical mixing com- 
partment, with two side bulbs attached to the vertical stem. The charge 
in the main compartment was frozen in liquid air, and the apparatus was 
evacuated and sealed. The apparatus was placed in a thermostat and 
rocked so that the liquid surged vigorously back and forth. When it was 
judged that equilibrium had been reached, the apparatus was tilted so as 
to pour solution into one of the side bulbs. The great density of iodine, 
together with the fact that the excess solid mats together, made it unlikely 
that any solid particles would be carried over. The apparatus was then 
cooled, and the bulb was sealed off and weighed. The bulb was opened 

* Presented at the Symposium on Intermolccular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

109 



110 


J. H. HILDEBRAND 


and its iodine content determined by titration with thiosulfate. The glass 
was weighed and the carbon tetrachloride was determined by difference. 
Table 1 gives the results of four determinations. These correlated so well 
with each other and with the data for the same system at high and at low 
temperatures that they are sufficiently accurate for our purpose. 

Table 2 shows the correlation of all the data for this system, including 
the solubility of solid iodine from 0® to 100®C. and of liquid iodine from 


TABLE 1 

Solubility of iodine in carbon tetrachloride 


TEMPERATURE 

IODINE 

IODINE 

•c. 

weight per cent 

mote per cent 

80.2 

11.53 

7.35 

97.0 

20.55 

13.56 

99.5 

22.00 

14.59 

99.9 

22.16 

14.71 


TABLE 2 


Correlation of data for the system iodine-carbon tetrachloride 


t 

—LOO nJ 

LOG N, 

VI 

V, 

t). 

T)i 

—LOO N» 

D 

•c. 









0 

0.790 


94.4 

58.5 

0.998 


2.379 

5.82 

25 

0.582 


97.5 

59.6 

0.993 


1.940 

5.61 

35 

0.503 


98.8 

60.1 

0.990 


1.798 

5.60 

50 

0.394 


100.7 

60.8 

0.984 


1.556 

5.40 

80.2 

0.193 


104.8 

62.2 

0.954 


1.134 

5.18 

97.0 

0.093 


107.0 

65.4 

0.912 


0.868 

4.91 

99.5 

0.078 


107.5 

65.5 

0.906 


0.836 

4.90 

99.9 

0.075 


107.5 

65.5 

0.905 


0.833 

4.88 

150 


0.086 

116 

66.0 

0.686 

0.282 

0.347 

4.43 

154 


0.099 

117 

66.2 

0.648 

0.316 

0.306 

4.38 

158 


0.119 

118 

66.4 

0.594 

0.361 

0.260 

4.18 

161 


0.167 

118.5 

66.5 

0.462 

0.462 

0.167 

4.28 


150® to 161®C. This is done by calculating the parameter D in the equa- 
tion (7) 

fjrin (oj/nj) = vsT)fD* 

This becomes 

RT\a (nj'/n,) = v,(T)? - 

for two liquid phases below the critical solution temperature and 

1.985re(NxVi + NjVi)* = 2 v*v|niNiZ)* 
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at that point. Here n is mole fraction, a is activity referred to the pure 
liquid as standard, v is molal volume, 13 is volume fraction, i.e.. 


X\ = NiVi/(NiVi + N 2 V 2 ) 


Subscripts refer to the components, and N 2 and Ng in the second equation 
refer to the mole fractions of iodine in the two liquid phases in equilibrium. 
The value of 02 for the solid iodine is calculated by aid of the equation: 

/ Tm 

(h® - h') d(i/r) 

where h* is the heat content of the pure solid and h® that of the liquid, 
Ttn is the melting point, and N 2 the ideal solubility. h° — h* is the heat 
of fusion at the melting point, but this varies with temperature depending 



Fkj. 1. Plot of D against temperature for iodine in carbon tetrachloride 

on the difference in heat capacity of the solid and liquid forms. The data 
previously referred to have been used for the present purpose. However, 
in view of the peculiar form found for the dependence of the heat content 
of solid iodine with temperature, it was thought preferable to plot the data 
for H® and h* against 1/T, assume that h" varies linearly with T below the 
melting point as it seems to do above, and integrate graphically between 
l/r« and 1/T. This process yielded the values of — logNj pven in table 2. 
In the portion of the table referring to liquid iodine, log nJ is replaced by 
log N 2 , referring to the second liquid phase. 

The last column gives the values of D calculated from all the data, and 
these are plotted against temperature in figure 1. That the points show 
so little variation from the smooth line through them is evidence of the 
very satisfactory correlation of the data, all the more remarkable in that 
it includes a range of 161®C. and both solid-liquid and liquid-liquid S3ra- 
tems; that the line is straight is indeed surprising, since the effect of cluster- 
ing near the critical point is ignored in the derivation of the equation. 
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U. OBUIUM TBTBOXIDE SOLUTIONS WITH CARBON TETRACHLORIDE 

An interesting paper has recently been published by Anderson and Yost 
(1), giving properties of osmium tetroxide in carbon tetrachloride solutions. 
They show that the distribution ratio of the tetroxide between carbon 
tetrachloride and water varies with the concentration, and that the vapor 
pressure of carbon tetrachloride from its solutions with the tetroxide does 
not follow Raoult’s law but agrees rather well with the assumption of an 
equilibrium between OSO 4 and ( 0 s 04 ) 4 . These authors mention the other 
possible eiqplanation of the fact that this solution is not ideal, i.e., that the 
molecular field strengths or internal pressures of these two substances are 
sufficiently different to cause departure from Raoult’s law without the 
presence of any definite polymer of either species. Polymerization in 
solution is contraindicated by the evidence that even in the pure liquid 
state osmium tetroxide behaves as a normal liquid. 

The vapor pressure has been measured by Ruff and Tschirch (12), by 
von Wartenberg (16), and by Ogawa (11). Plotted in the usual way, log 

TABLE 3 


Data for the system osmium telroxide-carhon tetrachloride 


Ns 

pi 

ai 

Oi/Nl 

■ T). 

D 

0.395 

7.86 

0.686 

1.133 

0.278 

3.13 

0.599 

6.19 

0.540 

1.344 

0.471 

2.84 

0.693 

5.39 

0.470 

1.530 

0.574 

2.81 

Mean ... 

2.93 


p against l/T, the values agree rather well, those of Ogawa appearing most 
consistent, and give a molal heat of vaporization of about 9040 cal. at the 
boiling point (130“C.), corresponding to a Trouton quotient of 22.4. This 
test and the more rigid test by the aid of the “Hildebrand rule” (9) indicate 
a normal liquid. This conclusion is further confirmed by surface tension 
measurements by Ogawa. 

I shall next show that the extent of the departure of the solutions of the 
tetroxide in carbon tetrachloride from Raoult’s law is approximately what 
could have been predicted from the difference in their internal pressures 
as measured by the energy of vaporization per cubic centimeter, Ae/v. 
Actually we use the square root of this quotient. For carbon tetrachloride 
at 25'’C. this is 8.54 (cal. per cubic centimeter)*. The vapor pressures of 
the osmium tetroxide just cited give AH = 9800, extrapolated to 25‘*C., and 
Ae = 9200 at the same temperature. The liquid densities observed by 
Ogawa pve a molal volume of 58.0 cc. extrapolated to 25®C. from the 
melting point (40®C.), hence (Ae/v)* » 12.60. Let us now obtain a value 
by using the vapor pressure data of Anderson and Yost for the solution 
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in connection with the approximation formula, equation 1. We designate 
ax as the activity of carbon tetrachloride, which we may set equal to 
its partial vapor pressure, pi, divided by its saturation pressure, 11.46 
cm. at 25®C.; Ni as its mole fraction in solution; Vi as its molal volume at 
26®C., 97.1 cc.; and 132 as the volume fraction of the osmium tetroxide in 
solution. 

Table 3 gives the values for those solutions suflGiciently concentrated in 
the tetroxide to show deviations from Raoult^s law. If we add the mean 
value of D to the value of (Ae/v)1 for carbon tetrachloride, 8.54, we obtain 
11.5, which we may compare with the value 12.6 for osmium tetroxide 
obtained above from its energy of vaporization. The agreement is suffi- 
ciently good, in view of the extrapolations and approximations involved, 
to indicate the adequacy of this explanation for the departure of these 
solutions from Raoult^s law. 

III. SOLUTIONS OF HEXANE WITH HEXADECANE^ 

Guggenheim (5), at the Symposium on Intermolecular Forces held by 
the Faraday Society in 1936, raised the interesting question of the validity 
of Raoult’s law for solutions of components of equal molecular field strength 
but unequal volumes. In a subsequent publication (8) I discussed this 
problem with particular reference to solutions of normal paraffins, in 
which a parallel arrangement of molecules might be assumed, and reached 
the conclusion that the number of different configurations possible in 
such solutions corresponded to an entropy of transfer of component 2 from 
pure liquid to solution of —72 In N 2 . This is the same as for a solution of 
molecules of the same size, in which case, as in a solid solution with a fixed 
crystal lattice, the entropy is that of an ideal solution. More recently 
Fowler and Rushbrooke (2) have made a searching application of statistical 
theory to the case of two components, the molecules of one of which occupy 
one point each in a lattice, while the molecules of the other occupy two 
with all possible orientations permitted. The result was ‘'that mere change 
of size is sufficient to cause deviations from linearity; .... though definite, 
the deviation is unexpectedly small for so large a change of size.'’ Several 
factors involved, however, could not be estimated with any precision, so 
that the authors did not claim that the deviation had been established with 
certainty. 

In my paper (8) I was able to cite only very limited experimental evi- 
dence, consisting of data on solutions of diphenyl and benzene, butane 
and heptane, and dicetyl in propane, butane, and heptane. In the case 

• I wish to acknowledge my indebtedness to Mr. John M. Sweny for assistance in 
this investigation. We hope to present later more numerous and more pre- 
cise results, in order to detect any deviations of the type deduced by Fowler and 
Rushbrooke. 
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of dicetyl, the uncertainty regarding the ideal eolubility limited the argu- 
ment to the equality of solubility in butane and heptane and the inference 
that this is the ideal solubility. This equality has since been extended by 
Sayer (13) to several other normal paraffin solvents, — hexane, octane, 
decane, and dodecane. 

It has seemed worth while to seek a direct experimental check of this 
interesting matter. For this a system likely to conform as closely as 
possible to the model of parallel arranged molecules assumed in my previous 
paper was desired. This indicated the choice of one component with a 
melting point not far below the temperature of the experiment. Normal 
bexadecane, melting at 16°C., may be assumed to retain in the liquid at 
25®C. much of the parallel arrangement of molecules which it undoubtedly 
possesses in the solid form. For the other component hexane was selected, 
which has a vapor pressure of 149 mm. at 25‘’C., a convenient magnitude 
to measure by simple means. The vapor pressure of hexadecane at 25“C. 


TABLE 4 

Activity of hexane in solutions with hexadecane at 


MOLE rSACTION { 

Ml 

VAPOR PRES80RE 
pi 

ACTIVITY 

«! - Pl/Pj 

ACTIVITY COBmCIENT 
ai/Ni 

1.000 

149.7 

1.000 


0.708 

106.2 

0.709 

1.001 

0.648 

99.6 

0.665 

1.025 

0.626 

92.7 

0.619 

0,989 

Mean 

1.005 


is negligible. A small stock of each component in very pure form was 
available, hence it was necessary to use an appropriate method. The 
method used years ago in investigating the vapor pressure of amalgams 
(10) was selected. The solution was confined in a U-tube sealed at one 
end; the other end was connected to a hydrogen-filled system provided 
with a manometer whose pressure could be varied to balance the vapor 
pressure in the closed limb. Escape of hexane vapor up the long limb was 
prevented by a condenser cooled by solid carbon dioxide. 

Partial results are reported here on account of their pertinence to this 
symposium. Further and more precise results are to be sought. 

Table 4 gives a brief summary of the measurements thus far obtained. 
Each pressure recorded represents the mean of a number of observations. 
The activity coefficients in the last column differ from unity only by an 
amount within the experimental error, indicating that this system obeys 
Raoult’s law rather closely, in spite of the fact that the length of the mole- 
cule of the one component is 2.7 times that of the other. 
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IV. TELLURIUM TETRACHLORIDE AND IODINE* 

In the table of internal pressures of liquids at 25®C. given in the mono- 
graph on solubility (7), iodine and tellurium tetrachloride have identical 
values and, if no disturbing factors were present, should give ideal solutions 
with each other. This can not be tested directly, as neither substance 
can be supercooled in the liquid state to this temperature, and the data 
in the table are of use only for predicting their solubilities in substances 
which are liquid at ordinary temperatures. If we turn to temperatures 
above the melting point of iodine, where an experimental check is possible, 
we obtain values for their internal pressures which are still not far apart. 
Iodine melts at 113.4°C., and at 140®C. its molal heat of vaporization, 
calculated from the vapor pressure table in the International Critical 
Tables, is 10,620 cal. The molal volume of liquid iodine at this tempera- 
ture is 65.2 cc., hence the energy of vaporization per cubic centimeter, 
Ae/v, is 156.4 cal. The corresponding values for tellurium tetrachloride, 
calculated from the data of Simons (14), are Ah = 18,400 cal.; v = 100 
cc. (extrapolated) ; Ae/v = 175.8 cal. per cubic centimeter. The deviation 
from Raoult^s law, in terms of the approximate equation frequently used 
for this purpose, is determined by the parameter, 

D2 = [(AEi/Vi)* - (AE2/V2)^]" 

In this case D- = 0.61, which corresponds to only a moderate departure 
from ideality. 

However, tellurium tetrachloride is a substance whose molecular field 
may be rather different in type as well as in strength from tetrachlorides 
of the elements from carbon to tin. Its melting and boiling points are 
225® and 390®C., respectively, while the corresponding points for stannic 
chloride, for example, arc —30° and 113°C, It has an electric conductivity 
in the liquid state at 236°C. of 0.115 mhos, according to Vogt and Biltz (15). 
The application of the ^ ^Hildebrand rule'^ (9) to the vapor pressure curve 
reveals an entropy of vaporization of 30.6 units at a concentration of vapor 
of 0.00507 mole per liter, at which normal liquids shoAv an entropy of 
vaporization of only 27.4. 

We have undertaken, accordingly, to learn whether or not tellurium 
chloride gives regular and approximately ideal solutions with iodine. 

Knowing, as wo now do, the heat of fusion and specific heats of tellurium 
tetrachloride from the measurements of Frederick and Hildebrand (4), it 
is possible to use the freezing point-composition diagram for our purpose. 
This was determined by means of cooling curves with solutions sealed in 
Pyrex tubes provided with central wells for the insertion of a calibrated 

• It is our intention to study this system more thoroughly. I am indebted to 
Mr. D. J. Turner for the measurements reported here. 
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copper-"advance” thermocouple. The iodine was of high purity and was 
resublimed once. The tellurium tetrachloride was redistilled. 

Table 5 ^ves the points determined. They are plotted in figure 2 along 
with the ideal curves calculated from the heats of fusion. It is evident 
that the actual points are far from the ideal curves, indicating that the 

TABLE 6 


The syeiem iodine-tellurium tetrachloride 


TS&LtTHlUM TBTRACBbORXBlI 

1 


BOUD PHABS 

moitf per oent 

• c . 


0 

113.4 

I> 

0.88 

111.9 

It 

(2.0) 

110.0 

Eutectic 

2.82 

111.8 

TeCl4 

3.81 

113.0 

TeCli 

6.62 

117.0 

TeCU 

13.98 

125.6 

TeCli 

21.78 

129.0 

TeCli 

32.83 

134.0 

TeCU 



Fig. 2» Freezing point-composition diagram for iodine-tellurium tetrachloride 


two components are actually very different. It is to be noted that the 
lowering of the freezing point of iodine is much greater than ideal, as it 
would be if the tellurium chloride were ionized, also that the flattening of 
the right-hand branch corresponds to an approach to immiscibility. This 
evidence is in line with the observation of Simons that tellurium tetra- 
chloride has a negligible solubility in carbon tetrachloride at 100®C. Al- 
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though the low internal pressure of this solvent indicates only a small 
solvent power for this solute, if the solution is regular, this alone would not 
suffice to make it too small for observation. 

SUMMARY 

1. New detenninations of the solubility of iodine in carbon tetrachloride 
in the region 80® to 100®C. bridge the^ap heretofore existing between data 
for the solid from 0® to 60®C. and for the liquid from 150® to 161®C., the 
critical solution temperature. The trend with temperature of the param- 
eter in the solubility equation which expresses the deviation from ideal 
behavior is quite uniform and shows no effect ascribable to clustering near 
the critical solution temperature. 

2. Data for the vapor pressure of carbon tetrachloride in solution with 
osmium tetroxide are analyzed. It is shown that the deviation from 
Raoult's law is approximately of the amount predictable from the internal 
pressure difference of the components. 

3. Preliminary figures for the vapor pressure of n-hexane from solutions 
with n-hexadccane indicate that, as predicted by theory, these solutions 
obey Raoult^s law within the limit of error, in spite of the ratio of 2.7 for 
the lengths of the two species of molecule. 

4. Freezing point data for the system iodine -tellurium tetrachloride 
show that, in spite of approximately equal internal pressures in the liquid 
state, these solutions are far from ideal, owing, probably, to a more or less 
salt-like character of the tellurium tetrachloride, giving a molecular field 
different in kind from that of iodine. 
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When our simple theory of liquid solutions was first proposed (13, 4) 
there was difiiculty in finding experimental measurements of suflBcient 
accuracy to test the theory. The amplification of the theory published 
later (14) put an oven more severe demand on the experimental measure- 
ments. For only two mixtures of non-polar organic liquids could w’e 
determine the excess entropy of mixing at constant total volume, and in 
neither case could we be sure that the value found differed from zero by 
more than the experimental error. 

As a first step in supplying accurate experimental results we have 
measured the vapor-hquid equilibrium of benzene-cyclohexane miJlures 
from 30° to 70°C. and the volumes of the liquid mixtures at 30°C. The 
measurements are sufficiently precise so that we have confidently expressed 
them analytically. The complete interpretation of this system would 
require measurements of the volumes through a range of temperatures 
and pressures, and confirmation of our results by measurements of heats 
of mixing and heat capacities would be desirable. However, our results 
show conclusively that this system is very far from regular, and that the 
excess entropy of mixing at constant total volume is about half as great 
as that at constant pressure. The change of the various thermodynamic 
functions with composition is also more complicated than our simple 
theory predicts, and the effect is slightly larger than predicted. A possible 
explanation of the excess entropy is discussed, which may also explain the 
other deviations. 

The components were purified by rectification in a still with a column, 
2.5 meters high and 19 mm. in internal diameter, made of Pyrex glass and 
packed with single turn Pyrex helices. The column is jacketed by two 

* Presented at the Symjjosium on Intermulecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

* Contribution No. 413 from the Research Laboratory of Physical Chemistry of the 
Massachusetts Institute of Technology. 
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other glass tubes concentric with it and leaving air gaps about 5 mm. 
thick. The inner jacket is heated so that its top third has the same 
temperature as the top of the column, the bottom third has the same 
temperature as the bottom of the column, and the middle third has a 
temperature about halfway between those of the top and the bottom. 
The still is arranged so that all the vapors are condensed, and the conden- 
sate, before returning to the column, passes through a trap whose capacity 
may be varied from 50 cc. to 1200 cc.; the quantity of liquid in the pot 
may be varied from 76 cc. to 1600 cc. When the liquids are nearly pure, 
as in the present case, low-boiling impurities are removed by operating 
for a day with about 50 cc. in the trap, then the contents of the trap are 
discarded, and the operation is repeated the next day with another 50 cc. 
High-boiling impurities are removed by operating with most of the liquid 
in the trap and only about 75 cc. in the pot; at the end of each day the 
contents of the pot and the “hold-up” in the column are discarded together. 
Although we have not made a quantitative comparison, we believe that 
this method is more economical of material for the removal of low-boiling 
impurities than the usual distillation method, and that it has the great 
advantage of being as efficient for the removal of high-boiling impurities 
as for low. 

A commercial 85mthetic “thiopLene-free” benzene was rectified without 
preliiiinary purification. Three top fractions and three bottom fractions 
were discarded. The freezing point was taken in the presence of solid 
calcium chloride, as the simplest means of preventing errors from the 
very high humidity. The freezing point of 5.63®C. did not decrease more 
than 0.005“C. as half of the benzene was frozen. Our vapor pressure 
curve gives 80. 10o°C. as the normal boiling point of our product. Timmer- 
mans and Martin (20) give 5.50°C. and 80.20'’C., respectively, as the freez- 
ing and boiling points of benzene, and Smith and Matheson (18) give 
80.094°C. as the boiling point. 

Technical cyclohexane was nitrated with 5 parts of concentrated nitric 
acid and 9 parts of concentrated sulfuric acid at 6-1 0®C. for 6 hr., washed 
several times with water, with sodium hydroxide, and several times more 
with water, dried over calcium chloride, and then rectified. Four top and 
three bottom fractions were discarded. The freezing point of 6.41*’C., 
taken in the presence of calcium chloride, was lowered 0.08°C. when about 
half was frozen, which indicates 6.49‘’C. as the freezing point of pure cyclo- 
hexane. The depression of 0.08®C. corresponds to 0.03 mole per cent of 
impurity detectable by freezing point depression. Our vapor pressure 
curve gives 80.74s®C. as the normal boiling point. Timmermans and 
Martin (20) give 6.60®C. and 80.80*0. as the freezing point and boiling 
point, respectively, of cyclohexane. 

The method of determining the liquid-vapor equilibrium was the same 
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as that in paper I of this series (15), except that the trap was cooled with 
a carbon dioxide-ethyl alcohol slush for most of the measurements with 
mixtures. An error was discovered in the calibration of the thermocouple, 
so that the measurements had not been made at exactly even temperatures. 
Measurements of the vapor pressure of water were made at the same tem- 
peratures (potentiometer settings) as used for the vapor pressure measure- 
ments from 50® to 80®C., and a new calibration curve was made from the 
equation of Smith, Keyes, and Gerry (19) for the vapor pressure of water. 

The vapor pressures of benzene and cyclohexane were measured at 
5®(;). intervals from 30® to 80®C. These measurements were fitted by least 
squares with the equations: 

loR P, = 8.48882 - 2841.240/T + 4.97551 X - 6.84239 X lO'/P* 

( 1 ) 

loR Pi = 6.97180 - 1368.565/r + 9.293 X - 1.32146 X lO’/r’ 

( 2 ) 

(T — t + 273.16°C.) with standard deviations of 1.0 X 10“* and 1.0 X 
10 which correspond to less than 0.01“C. in the temperature. The 


TABLE 1 

Vapor pressures of hemene and cyclohexane 


i 

Pi (benzene) 

Pi (cyclohexane) 

X. 

mm. 

mm. 

30 

118.75 

121.42 

40 

182.61 

184.55 

50 

271.41 

271.82 

60 i 

391.70 

389.35 

70 i 

550.96 

543.98 

80 

757.65 

743.19 


values of the pressures calculated at rounded temperatures are given in 
table 1. 

The compositions of the equilibrium liquid and vapor were determined 
from measurements of the densities at 30®C. Table 2 contains the weight 
fraction of benzene, the observed density minus that calculated from the 
empirical equation given below, and the observed fractional change on 
mixing, /Y^, The equation used for the densities is 

d~ - 0-8^36 - 0.09922za 
~ 1 + 0.0243riz*(l + o"288z|) 

Wi/d^ 

Wr/dx + Wi/di 


Zl ss 1 — = 


( 4 ) 
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in which Wi is the weight of the bensene, di is its density, and Zi is its 
volume fraction, zt is the volume fraction of cyclohexane, etc. V is the 
volume of the mixture, F® the volume of the unmixed components at the 


TABLE 2 
Densities at SO°C. 


WSXOBT FBACTION 
or BBNXBNB 

MOLE PBACTtON 

OF BBNZENB 

DENBITF 

DEVIATION FROM 
EQUATION 1 


0.0000 

0.0000 

0.76914 



0.1217 

0.1299 

0.77774 

+0.00001 

0.289 

0.2339 

0.2476 

0.78648 

-0.00001 

0.481 

0.3508 

0.3680 

0.79645 

-0.00002 

0.603 

0.4843 

0.5030 

0.80892 

■4-0.00001 

0.652 

0.6088 

0.6264 

0.82154 

4-0.00001 

0.621 

0.7483 

0.7620 

0.83689 

-0.00001 

0.497 

0.8677 

0.8761 

0.85118 

-0.00001 

0.307 

0.8679 

0.8762 

0 85124 

+0.00003 

0.302 

1.0000 

1.0000 

0.86836 





¥ia. 1. Vapof pressure versus mole fraction for benzene-cyclohexane at 40'’C. 

same temperature and pressure, and = V — F®. From equation 3 
it follows that 


F"/y® = 0.02432102(1 + 0.2882?) 


( 5 ) 
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The equation fits the measurements excellently. Since the density 
difference is about 0.1, the error of the determination of the composition 
should be about ten times as great as that in determining the density, or 
not more than 0.02 to 0.03 per cent. 

Vapor-liquid equilibrium measurements with mixtures were made at 
intervals of approximately one-eighth in the mole fraction at 40® and at 
70®C, and for a single mixture, about 50 mole per cent, at 30°, 50° and 
60°C. The measurements are illustrated in figure 1, in which the curves 
are determined from equations 8, 9, 18, and 19. The top curve gives the 
liquid composition versus the equilibrium pressure, the curve just below 
it and the flagged circles give the vapor composition, and the two lower 
curves arc the derived partial pressures versus the liquid composition. 
The broken lines are the Raoult^s law lines for the total and the partial 
pressures. The measurements are reported in detail in table 3 as mole 
fraction of benzene in the liquid and in the vapor, equilibrium pressure, 
and the derived excess free energy of mixing. After each of the last three 
is given the deviation of the corresponding quantity from that calculated 
by equations 8, 9, 18, and 19. These deviations will be discussed later. 

In paper II (16) it was shown that, if the liquid and vapor volumes are 


given, respectively, by 

V/(Vi + N 2 ) = Fixi + y2i-2 (6) 

and 

y V(iVi + N 2 ) = RT/P + Pm + Pm (7) 

the excess chemical potentials and other excess thermodynamic functions 
are given by 

Mf = RT In Pyi/Pixi + {p^ - y,)(P - Pi) (8) 

= RT In Py 2 /P 2 X 2 + {P 2 - V 2 ){P - P 2 ) (9) 

= F^/(Nx + N 2 ) = XiMf + a-2M? (10) 

Sf = - {i>F^JbT)p.s (11) 

= pf + TS! (12) 


in which Ni and N 2 are the numbers of moles of the two components, xi 
and X 2 are the mole fractions in the liquid, yi and t /2 are the mole fractions 
in the vapor, P is the vapor pressure of the solution. Pi and P 2 arc the 
vapor pressures of the components, Vi and y 2 are the volumes of the liquid 
components, and Pi and P 2 are functions of the temperature characteristic 
of each of the two substances. The effect on the subsequent equations 
of the error in equation 6 is entirely negligible. If the p^s combine quad- 
ratically, which should give an adequate approximation, the deviations 
from additive volume in the vapor which are ignored in equation 7 should 
give an effect of less than 0.05 per cent. 
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Measurement of /3 for benzene by Eucken and Mayer (1) from 60“ to 
100“C. are 0.9 as large as those calculated by the theory of corresponding 
states from the equation of Keyes, Smith, and Gerry (8) for water vapor 
(16). We have therefore taken 0.9 of the corresponding state value from 


TABLE 3 

Vapor pressures of mixtures 


t 

HOLB FRACTION OF 
BBNZBNB 

DEVIATION 
IN l/I 

P 

DBVIATION 

inP 


DEVIATION 

raPf 


In liquid {«>) 

In vapor {yi) 




X 

•c. 

30.997 

0.1282 

0,1657 

- 0.0028 

mm. 

194.94 

- 0.10 

eal. per mole 

30.84 

+ 0.14 


0.2364 

0.2766 

- 0.0028 

200.65 

- 0.12 

49.82 

- 0.01 


0.3685 

0.3912 

- 0.0048 

204.76 

- 0.12 

65.04 

- 0.06 


0.4932 

0.4950 

- 0.0001 

206.12 

- 0.03 

70.66 

- 0.05 


0.6143 

0.6909 

-f 0.0012 

205.18 

- 0.04 

67.95 

- 0.10 


0.7428 

0.6979 

4 - 0.0005 

201.73 

+ 0.08 

56.14 

- 0.05 


0.8656 

0.8205 

4 - 0.0013 

195.04 

- 0.02 

34.85 

+ 0.15 

69.98q 

0.1186 

0.1486 

- 0.0023 

567.60 

- 0.22 

24.71 

+0 10 


0.2409 

0.2805 

4 - 0.0017 

584.90 

- 0.02 

43.20 

- 0.24 


0.3759 

0.3982 

1 - 0.0031 

596.16 

+ 0.03 

66.56 

+ 0.22 


0.4945 

0.4975 

- 0.0039 

600.27 

- 0.62 

60.04 

- 0.70 


0.6180 

0.6027 

- 0.0004 

599.32 

+ 0.21 

58.43 

+ 0.24 


0.7248 

0.6962 

4 - 0.0006 

593.48 

+ 0.15 

60.25 

+ 0.36 


0.8669 

0.8311 

- 0.0024 

577.79 

+ 0.25 

29.65 

- 0.10 

29.984 

0.4952 

0.4948 

+ 0.0008 

136.38 

+ 0.36 

75.75 

+ 1.67 

49.992 

0.4593 

0.4680 

- 0.0020 

302.07 

- 0.19 

66.41 

- 0.38 

59 . 95 j 

0.4517 

0.4649 

+ 0.0003 

430.28 

- 0.12 

63.03 

- 0.22 


Vapor pressures of the pure substances 


TBlfPBRATURB 

Pi (benzene) 

Pi (cyclohexane) 

•C- 

mm. 

mm. 

29.986 

118.67 

121.35 

39.997 

182.59 

184.61 

49 . 99 s 

271.38 

271.76 

59 . 95 s 

391.06 

388.81 

69 . 98 o 

650.63 

543.58 


water for both benzene and cyclohexane, using the critical data (5). As 
the increases in the vapor pressures are approximately proportional to 
the product XiXt, this gas imperfection correction term in each chemical 
potential is also proportional to XiXt. The two p’a are about equal, so 
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the correction to Ff also has this form. Since Ff itself is approximately 
of this form, the percentage correction changes little with the concentra- 
tion; it varies from about 2 per cent at 30°C. to about 4 per cent at 70®C. 

The simple theory referred to above leads to the following equation 
for the excess free energy per mole, 


F* = (13) 

Vl = XtVi + xjFs = yV(iVi + Ni) (14) 

in which A 12 is independent of both the temperature and the composition. 
To fit our measurements it is necessary to make A^sl linear function of the 
temperature and of the square of the volume fraction of the cyclohexane, 

Ff = (6.943 - 0.013233r)F®z,Z2(l -f 0.084zs) (16) 

in which Ff is in calories and FJ = 89.95 (1 -f 0.2164xj). It follows that 

H" = 6.943F2ziZ 2(1 -f 0.0842|) (16) 

S! = 0.013233FSziZs(1 + 0.084Z1) (17) 

Mf = (6.943 - 0.013233r)F,z|(l - O.I 68 Z 2 -|- 0.252z|) (18) 

Atj' = (6.943 - 0.013233r)F2Z?(l + 0.2522*) (19) 

The calculated results from which the deviations in table 3 are calculated 
are from equation 15 for Ff , and the combination of equations 8, 9, 18, 
and 19 for P and yi. 

The numerical constants are chosen to give the average of F* for the 
measurements at 40°C. and at 70®C. and the assumption that F“ is linear 
in the temperature. The average error is about 0.2 per cent in y and 0.05 
per cent in P except for the point at SO^C., where a larger error may be 
expected because the pressure is low for this type of apparatus. These 
deviations assume that the z measurements are exact, and this assumption 
is the only one which makes all the relations explicit. It is probably more 
in accord with the facts, however, to as.sume that the pressure is exact 
and to calculate x and y. Whenever the deviation we have found for P 
times dP/dy has the same sign as the deviation for y, this latter deviation 
will be divided between the x and y deviations if P is assumed exact. This 
relation holds for the ten cases of the fourteen at 40° and 70°C. which 
include the nine largest pressure deviations. 

Schmitt (17) and Nagomov (11) have measured the total pressures of 
benzene-cyclohexane mixtures. Although Schmitt’s pressures of the pure 
substances are lower than ours by a few millimeters, his pressures for the 
mixtures are all higher. Since he used a mercury thermometer and one 
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method of degassing for the pure substances and another for the mixtures,, 
we attribute the first difference to the difference in temperature scales, 
and the second to the inefficiency of his second degassing method. He also 
measured the azeotropic composition as a function of the pressure. We 
confirm these measurements as closely as we can interpolate them. Nagor- 
nov’s measurements of the total pressures are in excellent agreement with 
ours. In the abstracts in Chemische Zentralhlatt and in Chemical Abstracts, 
however, 1253.9 should replace 1253.3 in the equation for 50.36% benzene. 

Wolf, Frahm, and Harms (23, 24) present their measurements of the 
heat of mixing of benzene and cyclohexane only as a curve of H“ /xi. The 
cur\'e appears to correspond to our as to shape but to sdeld values 
from 12 to 15 per cent higher. The fact that our deviation in F’ is posi- 
tive at 30°C. and negative at 50® and 60°C. indicates that the temperature 
relation is probably more complicated than that given. The equation 

Ff == (13.154 - 0.051158T + 0.00005777!r*)ySziZ2(l + 0.084z|) (20) 

gives a deviation in F® of 1.13 cal. at 30°C., — 0.03 at 50®C., and + 0.03 
at 60®C., and yields a value of H" at 20°C. which agrees with the direct 
measurements within 1 per cent. This is the limit of accuracy with which 
we can read their curve. However, our measurements arc not sufficiently 
accurate to warrant this more complicated expression, and the agreement 
with the directly measured heats may be fortuitous. 

If the deviation from regularity be measured by the ratio 

(H" - F®)/F® 

these solutions are very far from regular, for this ratio, which is 0 for a 
regular solution, is 1.37 at 30°C., and 1.89 at 70°C. One of us has shown 
elsewhere (14) that the theory should lead to the ideal entropy of mi xin g 
for the process in which the total volume is kept constant rather than for 
the constant pressure process, and has calculated the differences between 
the appropriate thermodynamic functions for the two cases. We shall 
carry oiit the computations for 30®C., since the auxiliary data needed for 
the computations are better known at that temperature. For the co- 
efficients of thermal expansion and of compressibility (6) of the unmixed 
liquids we use 


ao = 1.225 (1 - 0.058Z2) X 10-» 
i8o = 1.02 (1 + 0.12z2) X 10-^ 

and we assume, for lack of measurements except on benzene (6), that 
(d In j8)/dr is independent of the composition and equal to 0.0076; an ap- 
nroximate value for this quantity is quite sufficient. We shall use the sub- 
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script p to indicate the change for the constant pressure process and the sub- 
script V to indicate the change at constant volume. Then 

Af - F; = (FV2/3)(F"/F®)* 

(,E 0.0701[89.95(1 + 0.2146a:*)](l + 0.288 z|)*z!z| 

^ ■ 1 + 0.12Z2 ■ 

s‘ -si^ - F"ao//So + {y^’/vy 

(Sf -Sf)* = - 0.00707[89.95(1 + 0.2146zs)](l +0.288zs)(l - 0.15926z,)zi2, 

+ (Af - Fl). (22)» 

so that 

- r "r«o//3o + j{^ + ai^) 

(Ff - //"), = T{S‘ - Slh + (A* - Fl), (23) 

In figure 2 are shown F^x at 30°C. and at 70°C. from equation 15 to 
show the variation in tliis quantity, i/p* from equation 16, and Efx at 
30®C. calculated from //p* and equation 22. The difference between 
Avx and Fj* at 30®C. is about half the width of the line, so that one curve 
may represent either function. TSj* is the difference between the top 
curve and the third, and TSfx is the difference between the second and 
third curves. It may be seen that the latter is slightly less than half the 
former, so that half of the deviation from regularity is accounted for by 
the change in volume on mixing. 

The most obvious contribution to the Sx is that which arises from the 
difference in cohesive energies causing a molecule to have on the average 
more neighbors of its own species than it would have with random dis- 
tribution. This contribution has been worked out for spheres of equal 
sizes by Guggenheim (2, 3), Rushbrooke (12), and Kirkwood (9). The 
last two are in essential agreement, so we will take Kirkwood’s value, and 
assume eight nearest neighbors. For spheres of equal radii w^hose excess 
energy per mole is 120 cal. in the equimolal mixture this gives, in our 
notation, 

Fii = BiiXix, - iB\t/mT)x\x\ (24) 

120 = Bu/4 - Blt/URT 
Bit = 607 

- a;, = (-Blt/8RT)xlxl (25) 

= —3.6 cal., when = 0.5 


* The errors in the corresponding equation in reference 14 are corrected here. 



128 


GEORGE SCATCHARD, B. E. WOOD, AND J. M. MOCHBL 


We may probably apply these results to the benzene-cyclohexane system 
to the extent that we may say that this deviation from random distribution 
gives a negative entropy which is 5 to 10 per cent of the positive entropy 
we must explain. We may be sure that it leads to a negative entropS^^ 

It is difficult to picture a positive excess entropy in terms of randomness, 
for the ideal entropy increase corresponds to complete rando^aness of 
position. It seems to us that the most probable explanation is ttiatJ'^lxe 
pure components have not complete randomness of orientation, and that 
the orientation becomes more random on mixing. From the crystal 
structure of the two components (7), we might expect that in either liquid 



Fig. 2. Various thermodynamic functions for benzene-cyclohexane 

two neighbors would favor the position in which the planes of their carbon 
atoms are mutually perpendicular. If this position is less favored when 
one neighbor is benzene and the other cyclohexane there will be a positive 
excess entropy of mixing. The tendency for favored |>ositions need not 
be great, for the maximum excess entropy at constant volume is 0.16 cal. 
per mole ®C. 

^ It will be recalled that this system is the one for which Ward (21) found evidence 
of emulsoid structure from the fact that the peaks characteristic of the components 
persist in the- x-ray spectrum of the mixtures. Warren and Murray (22) have re- 
peated these measurements and find no evidence of two peaks. They also show that 
the peaks of benzene and cyclohexane are so close that they must show as a single 
peak for the mixtures, even if the mixture were completely emulsoid, so that x-rays 
cannot answer this question. For such emulsoid mixtures the ideal entropy of mix- 
ing would practically disappear, giving for the equimolal mixture a difference (J2?iS — 
A^te) of about 800 cal., which seems entirely impossible. 
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It is possible that the asymmetry expressed as (1 + 0.08422), etc., has 
a similar explanation. The computation of and Sf includes all the 
uncertainties of our own and other measurements, but it does appear 
probabl^hat the asymmetry term in is small or has the opposite sign 
to that in Fp, and that the asymmetry term in is about equal to that 
(1 + 0 . 28822 ), and therefore much larger than that in Fp. If 
the cyclohexane molecules have a very slight tendency to favor the crystal 
lattice in the liquid, so that in solutions consisting largely of cyclohexane 
the oth^r molecules arc unable to utilize all the space left free when one 
cyclohexane molecule is replaced by a smaller benzene molecule, but in 
solutions consisting largely of benzene each cyclohexane molecule requires 
the same volume as in cyclohexane, then there would be an asymmetry of 
this sign in the volume. Accurate measurements of the volume of ben- 
zene-cyclohexane mixtures over a range of temperature and pressure 
should be of great interest in this connection. 

If the cohesive energy density, a = (F — Eo)/Vf is equal to — (dF/dF)y 
and aS? is zero, E^ may be computed from and /3o(14), 

(26) 

The first assumption is approximately true for this system, but we have 
just shown that the second is not. For the equimolal mixture E^ so 
calculated is 161 cal. per mole, which comes nearer the measured /fp 
value, 175.5, than the measured E^ value, 120.0. 

From equations 1 and 2 for the vapor pressures of the components and 
from their densities at 30®C., the cohesive energy densities of the com- 
ponents, corrected for the deviations from the perfect gas laws, are calcu- 
lated as ail = —83.67 and 022 = —66.49 cal. per cubic centimeter. The 
assumption that the mutual energy per unit volumes, ai 2 , is equal to 
's/aiiOn leads to 

Ai2 = i's/aii V'cik)^ 

With the equation 

= AiiZrZt 

this leads to = 26 cal. per mole for the equimolal mixture, which is 
very much smaller than the measured 120 cal. However, if the calcula- 
tion is reversed and an is calculated from the relation 

i4i2 = 2ai2 — flu — 022 

the value —72.72 is obtained, which is only 2.5 per cent less than VonOn 
= —74.59. So the quadratic combination gives a good approximation 
for the mutual energy, and the small error is in the direction predicted by 
the quantum theory ( 10 ), but the solution theory requires a small differ- 
ence between large quantities, which magnifies the relative error enor- 
mously. 
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SUMMARY 

The vapor-liquid equilibrium of benzene--cyclohexane mixtures has 
been measured at 40® and 70®C. over the whole composition range, and 
at 30®, 50®, and 60®C, for approximately equimolal mixtures. The densi- 
ties of the liquid mixtures have been measured at 30®C. The measure- 
ments have been expressed analytically. 

From these measurements have been calculated the thermodynamic 
functions, including the energy and entropy of mixing at constant total 
volume. 

These mixtures are very far from regular, and only half the deviation 
is explained by the volume change on mixing. There is also an asymmetry 
in the relation to composition. 

It is suggested that these facts may be explained by the persistence in 
the pure liquids of a slight tendency toward the orientations of the crystal 
lattices. 
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In the early days of dipole moment investigations, it was shown that 
the Debye equation (1) for the dielectric constant applied not only to 
gases but also approximately to very dilute solutions of polar molecules 
in a non-polar solvent, measurements being carried out over a range of 
concentration to permit of extrapolation to infinite dilution and over a 
wide range of temperature to establish the linearity of the relation between 
the polarization and the reciprocal of the absolute temperature (12, 13, 14). 
The familiar equation underlying these investigations is 


p (-1 , 4 ^ 

( + 2' d 3 ‘ 3 ' 3kT 


( 1 ) 


in which P = the molar polarization, 

€ = the dielectric constant, 

M = the molecular weight, 
d = the density, 

N = the number of molecules per mole, 6.023 X 10’*, 
ao = the molecular polarizability, 
fjL = the permanent dipole moment of the molecule, 
k = the Boltzmann constant, 1.380 X 10~^®, and 
T = the absolute temperature. 

If a polar substance 2 of moment p is dissolved in a non-polar liquid 1, for 
which M = 0, the molar polarization Pu of the mixture, its dielectric con- 
stant €, and its density d are related by the expression 


Pl2 = 


€ — 1 CiMi + C 2 M 2 
d “ 


== CiPi + C2P 2 


( 2 ) 


in which Ci and C 2 are the mole fractions of substances 1 and 2, the sub- 
script 2 being used as in subsequent equations in this paper to refer to the 

^ Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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substance having a permanent dipole in its molecule. As a not bad 
approximation, Pi may be assumed to retain the value that it has for the 
pure substance 1. P* can then be calculated as 

Pa = Pi + (P« - Pi)/ca (3) 

The decrease in Pj, the polarization of the polar substance, commonly 
found to occur with increasing Ct, that is, increasing dipole concentration, 
was attributed by some investigators to molecular association into actual 
complexes in which the dipoles opposed one another (16), and the equilibria 
supposed to exist between these complex molecules and the single mole- 
cules were calculated from the polarization values. Although it seemed 
necessary, — and still does seem so, — to suppose actual complex formation 
to occur in the alcohols and fatty acids, where we now know that hydrogen 
bonds may attach two or more molecules to one another, it appeared more 
reasonable to attribute the effect to a more or less loose intcrmolecular 
orientating effect, of which the complex formation with alcohols was an 
extreme case (13, 16). This orientating effect was seen to be larger, the 
larger the dipoles and the less their separation or insulation from neighbor- 
ing dipoles (14). Since these experimental investigations were carried 
out and their qualitative interpretation suggested, many quantitative 
treatments of the effects of intermolecular action upon apparent dipole 
moment and polarization have been attempted. It is not the purpose of 
this paper to review these attempts, but rather to examine in the light of 
these treatments the earlier experimental data obtained in this laboratory 
on a group of related substances of now well-known molecular structures. 
It is hoped that this examination may throw light upon some very typical 
dielectric behavior and show the value as well as the limitations of the 
theoretical treatments. 

Although from the first it was recognized that there must be some inter- 
action between polar solute molecules and non-polar molecules of solvent 
surrounding them, the differences observed experimentally between the 
few moment values obtained in different solvents and in the vapor state 
were of the magnitude of the possible experimental error. MtUler’s sys- 
tematic experimental investigation (8) of a large number of very dilute 
solutions showed a dependence of the apparent value of the moment 
obtained from the polarization extrapolated to infinite dilution upon the 
dielectric constant of the solvent, a considerable number of molecules 
giving values which could be represented by a single empirical equation, 
although BOi^e substances, such as the alcohols, behaved differently. 
Frank (5) and Higasi (7) have independently shown that this behavior 
may depend largely upon the internal polarizabilities of the molecules, 
which are averaged as ao in the Debye equation, and upon the positions 
of the axes of these polarizabilities relative to those of the dipoles. As 
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Higasi has demonstrated the approximate applicability of his treatment 
to a considerable number of substances, the details of the present discussion 
will be concerned primarily with intermolecular action in more concen- 
trated solutions, such as those used in the majority of the earlier measure- 
ments in this laboratory. 

In many of the theoretical treatments, the polarization is expressed as 
the polarization per cm.^ (e — l)/(c + 2), which may be converted to P, 
the polarization per mole, by multiplying by the molar volume Mjd, In 
what follows, this conversion is made in the various equations examined, 
since the experimental data are commonly expressed in terms of molar 
polarization. P may be written 

P = Pi. + P^ + Pi/ (4) 

where P^ is the electronic polarization given by the molar refraction, Pa 
is the small atomic polarization, and Fm is the moment or orientation 
polarization, which is the polarization arising from the orientation of the 
permanent dipoles in an externally applied field. The induced polar- 
ization. 


Fb^Pa 


AttN 

OIO 


(5) 


varies so little with temperature and concentration that it will be treated 
as constant in the present discussion and subtracted from P to obtain the 
moment or orientation polarization, 


47rA^ 

~T ^ 


( 6 ) 


van Arkel and Snoek (20) have modified this expression in the Debye 
equation in a semi-empirical fashion by the introduction into the denomina- 
tor of an additional energy term cra/x* to give 


iwN M 
3 (SkT + cn^^) 


(7) 


in which n is the number of dil>ole molecules per cm.* and c is a constant, 
which they declare to be quite independent of n, independent of the nature 
of the solvent, and largely independent of the nature of the dipole mole- 
cule, although it may vary greatly for a substance which is associated. 

3 

They have tabulated values of y c, instead of the c actually used in their 

47r 

equation, for twenty-three substances, the values, with the exception of 
one of doubtful accuracy, l 3 dng between 1.0 and 1.7 and tending to lie 
about halfway between these limits, that is, near 1.35. The highly asso- 
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dated alcohols give negative values; nitriles give values which vary with 
concentration and with solvent, the variation being attributed to molecular 
association. 

Mttller (9) has recently examined this van Arkel and Snoek equation in 
terms of the Debye theory of hindered rotation (3), which gives 

where y = E/kT, E being the variation in the potential energy of the 
molecules when they rotate through an angle 2k, or, in other words, the 
height of the potential energy hump which has to be passed over for 
complete rotation. The function R{y) is given by 

E{y) = 1 - LKy) (9) 

and the Langevin function L{y) by 

L{y) = cotgh y - lly (10) 

In the case of very strong dipole interaction ^kT can be neglected in the 
van Arkel and Snoek equation in comparison with-cn/u*, an approximation 
which, in combination with the development of R{y) for large y, gives 

E = 2/3 cnn^ (11) 

For dilute solutions Muller’s treatment leads to an expression 

although Muller has omitted the Eq from the denominator of the second 
term on the right. Instead of this one may write 

E^ = E\ + (13) 

in which Fo is evidently the value of E for infinite dilution, that is, a po- 
tential energy arising wholly from the presence of solvent molecules 
around those of the solute. j3 is given by the expression 



which is obtained experimentally, iP%/&n being treated as independent of 
concentration, an approximation usually justified only in very dilute solu- 
tions. van Arkel and Snoek (20) have shown that their equation repre- 
sents closely the behavior of nitrobenzene over a wide range of concentra- 
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tion in four different solvents and at temperatures between 22°C. and 
100®C. and fairly well that of pure chlorobenzene from ~-50°C. to 70°C. 
observed in this laboratory (12). Muller (9) finds that the van Arkel 
equation represents the variation of the polarizations of nitrobenzene in 
carbon tetrachloride and of chlorobenzene in hexane fairly well and better 
than does the Debye equation modified for restricted rotation. He finds 
also that c, calculated from data on chlorobenzene at high pressures, in- 
creases about 8 per cent as the pressure increases from 1 to 8000 atm., 
while c for liquid sulfur dioxide is independent of temperature through a 
range of about 100°C. until it approaches the critical temperature, when 
it decreases rapidly, presumably reaching zero at the critical temperature. 
Because of the apparent closeness with which the van Arkel equation 
seems capable of representing experimental data and of the physical sig- 
nificance which Muller's work has given to the constant c of this equation, 
it is selected here for use in the detailed examination of earlier experi- 
mental data obtained in this laboratory. 

As accurate values liave l)een obtained for the moment and for Pe Pj^ 
of ethyl bromide in the vapor state (17), it is a particularly good substance 

3 

to examine m detail. "I'he values of ~ c are calculated from the rearranged 
equation of van Arkel and Snoek 


3 ^ M / 1 _ 9A:r \ 

d \P„ 4TN(iy 


(15) 


The values for pure ethyl bromide (table 1) are higher than that originally 
calculated by van Arkel and Snoek from the same data for the liquid, 
presumably because of a higher value used for the moment, c decreases 
uniformly with rising temperature, being 10 per cent lower at 30^C\ than 
at — 90®C. When ethyl bromide is diluted with hexane, c increases but 
slightly until C 2 falls below 0.5 when it changes with increasing rapidity, 
being three times as great at C 2 = 0.0309 as in the pure liquid (table 2). 
The reason that the values of c vary so much in dilute solution while the 
polarization values calculated by means of the c for the pure liquid are 
fairly close to the observed is that the differences between the polarizations 
observed in dilute solutions and those in the vapor state are not large. 
Consequently, a considerable change in c does not greatly alter the polar- 
ization in dilute solution. Conversely, a small difference in the polariza- 
tion in dilute solution has a large effect upon the value calculated for c. 

According to the original derivation of van Arkel and Snoek as well as 
the further development of Muller, c is a proportionality factor connecting 
the energy of the molecular interaction with the concentration of the di- 
poles and the square of their moments. If the dipole molecules w^ere 
spherical with the dipoles located at their centers, and if they did not in- 
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TABLE 1 


Variation of van Arkel constant with Umperature 


CsHsRr 

9 i * 07 Hj§Rr 

MX 10«J - 2.02 

P , + i >^- 21.6 


/*(X 10») - 

2.07 (18) 
-45.8 


<in*C. 

AwNn ^ 

9kT 

Pm 

3 

4ir ® 

nn*C. 

4irJV’M* 

UT 

Pm 


-90 

135.8 

32.7 

1.49 





-70 

122.5 

32.9 

1.46 

-70 

128.7 

62.7 

1.62 

-60 

111.6 

33.0 

1.43 

-60 

117.1 

51.7 

1.59 

-30 

102.3 

33.2 

1.41 

-30 


50.5 

1.67 

-10 

94.6 

33.3 

1.38 

-10 

99.5 

49.3 

1.56 

10 

87.9 

33.5 

1.35 

10 

92.5 

48.2 

1.54 

30 

82,0 

33.6 

1.32 

30 

86.4 

47.2 

1.62 

50 




50 

81.1 

46.3 

1.49 

70 




70 

76.4 

45.5 

1.46 





90 

72.1 

44.7 

1.43 


CHCla 



CHBr. 


/•(XIOH)- 1.15(6) 

+ -23.0 


m(X 10“) 

Pk -^ Pa 

» 0.09 

-32 


<iii * 0 . 

4irVM* 

9kT 

P 

3 

lin*C. 

iirNvfl 

kT 

Pm 


-50 

36.1 

24.4 

0.98 





-30 

33.2 

23.5 

0,93 





-10 

30.6 

22.8 

0.88 





10 

28.6 

22.0 

0.81 

10 

21.1 

14.05 

2.06 

30 

26.6 

21,3 

0.75 

40 

19.1 

13.17 

2.10 

60 

24.9 

20.6 

0.67 

70 

17.4 

12.37 

2.10 


TABLE 2 

Variation of van Arkel constant for ethyl bromide with concentration 


Cs 

p 

u 

2. 

4ir 

■ ^ 

~90"C. 

30*C. 

-90*C. i 

30*C. 

0.0309 

113.7 

75.8 

5.08 


0.0783 1 

103.6 

72.4 

3.00 


0.1767 

90.6 

66.8 

2.13 


0.3395 

74.0 

59.2 

1.72 


0.5073 

60.8 

52.1 

1.54 

1.38 

0.7188 

47.4 

43.7 

1.48 

1.35 

1.000 

32.7 

33.6 

1.49 

1.33 


teract in any way with the solvent molecules, one might expect c to be 
constant for a given solvent, although it should depend upon the dielectric 
constant of the solvent. The variation of c with solute, solvent, tempera- 
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ture, and concentration might be expected to be a measure of the departure 
from these unattainable ideal conditions. Muller attributed the rough 
constancy of c to the very large internal fields, millions of volts per centi- 
meter, surrounding the molecules and producing saturation effects scarcely 
influenced by temperature. His value of c for sulfur dioxide was, however, 
only two-thirds that for chlorobenzene. The fact that c has much the same 
value for many different substances in the liquid state indicates that these 
liquids, insofar as they may be said to have structures, do not differ greatly 
from one another in structure, and that the dipole interaction is the pre- 
dominant factor in lowering the polarization of the liquid below that of 
the vapor. The dipole interaction expressed by cujjl^ is so strong in liquid 
ethyl bromide that it is only after half of the ethyl bromide molecules have 
been replaced by hexane molecules that the apparent value of c begins to 
change to any considerable extent. Here the interaction between the 
solute and solvent molecules, which does not enter into the term 
begins to play an increasingly important part, causing an increase in the 
apparent values calculated for c. The increasing amount of molecular 
rotation with rising temperature should tend to decrease the molecular 
interaction and, hence, the value of c, as observed for ethyl bromide. 
These two effects thus qualitatively described are apparent in the expres- 
sion for E (equation 12) for dilute solutions. The second term of this 
equation is proportional to that from which c is calculated. It should 
evidently decrease with rising temperature if /3 is constant, as Muller's 
investigations indicate it to be, and should, therefore, give rise to a decrease 
in the value of c with rising temperature. Since the first term Eo becomes 
of increasing importance in comparison with the second term as the latter 
decreases with decreasing n, neglect of it results in an increase in the 
apparent value of c. To obtain an idea of the relative magnitudes of the 
two energies, E may be calculated from equation 8, developed and re- 
arranged to give 

E = 3fcr(l - ^kTPM/^irNii^yf^ (16) 

The value of E thus obtained for the 0.0309 mole fraction solution of ethyl 
bromide in hexane at — 90®C. is 3.07 X 10“^^ ergs per molecule, while the 
value of J^o obtained by the use of equation 13 is 2.39 X 10~^^, showing 
that only 0.68 X 10~^^ erg of the total potential energy hump is due to 
the interaction between the dipoles in this dilute solution. The value of 

3 

— c calculated for this solution in table 2 might be very roughly corrected 
w 

by multipl 3 dng by 0.68/3.07 to obtain 1.13, as compared to 1.51 for pure 
ethyl bromide. 

It is apparent that the variation of c for ethyl bromide is no more than 
might be expected. It may be added that when ethyl bromide was origi- 
nally investigated (12), it was noted that intermolecular action in the pure 
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liquid was so strong as to reverse the normal decrease of polarization with 
rising temperature. Increase in the size of the halogen or of the alkyl 
group in the molecule was found to decrease this intermolecular action by 
increasing the insulation of the dipoles from one another, or, in terms of 
the present discussion, increase in molecular size decreases the number of 
molecules per cm.* and, consequently, the term cnfi^, which measures the 
intermolecular action. If the shape of the molecule played an important 
r61e in restricting the molecular rotation, one would expect the value of c 
for n-heptyl bromide to be much larger than that of ethyl bromide, unless 
its long carbon chain is curled up in the liquid so as not to hinder the rota- 
tion of the molecule. Actually, the values of c found for heptyl bromide 
are somewhat, but not much, larger than those of ethyl bromide and vary 
in much the same way. The difference between the two may be accounted 
for by the smaller value of n, which makes the energy of the interaction 
with the solvent molecules more important and the error due to its neglect 
correspondingly greater. The value of c for tertiary butyl chloride, the 
molecule of which has the shape of a tetrahedron so rounded at the corners 
as to approach a sphere, differs little from the values for the normal butyl 
halides, which are clo.se to those for ethyl and heptyl bromides. Insofar 
as the value of c may be regarded as giving any. information concerning 
the restriction of rotation, one may conclude that the freedom of rotation 
of these molecules in the liquid is little affected by their shapes. In other 
words, steric hindrance has little effect in restricting their rotations. Such 
behavior contrasts strongly with that of molecular rotation in solids which 
is greatly influenced by molecular shape (19). The as yet unpublished 
measurements of Mr. W. O. Baker in this laboratory show, for example, 
that the molecules of the tertiary butyl halides, which are not far from 
spherical in form, rotate for some distance below the freezing point, while 
the normal butyl halides lose their molecular rotation on solidification. 

The polarization of ethyl ether is practically independent of its concen- 
tration in solution and differs from that in the vapor state by no more 
than the experimental error, which gives a zero value to c for it. Because, 
of the fairly large size of the molecule and the rather small size of its 
moment is small, so that any calculation of c is subject to a considerable 
error. This is apparent in the values calculated for c for chloroform and 
bromoform. When 1.05 X 10“**, the value obtained by solution measure- 
ments in the writer’s laboratory (12), which is higher than the gas value 
0.95 X 10“** obtained by Sanger (11), was used in the calculation of c for 
chloroform, the values of c for the pure liquid started at a low value just 
above the freezing point and decreased through zero to a small negative 
value near the boiling point. When, however, the value 1.15 X 10“** (6) 
was used, the values of c (table 1), although still small, did not decrease 
to zero. The measurements on bromoform were less accurate because of 
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its tendency to decompose, and the small and slightly uncertain values of 

3 

n^i^ make the values obtained for — c at three temperatures (table 1) much 

47r 

more uncertain than they appear. It appears fairly certain, however, 
that c is larger than for chloroform and of about the usual magnitude. 
The inductive interaction between the solute and solvent molecules calcu- 
lated by Higasi (7) and Frank (5) commonly lowers the polarization and 
will thus be lumped in with Eo in giving too high an apparent value for c 
in dilute solutions. 

When these measurements over a range of temperature were originally 
carried out in this laboratory, it was noted with surprise that, although 
the polarization values of the pure polar liquids were reduced by inter- 
molecular action far below the values at infinite dilution, they were still 
linearly dependent upon the reciprocal of the absolute temperature (12). 
This linearity follows approximately from the van Arkel equation if both 
sides of the latter are inverted to give 


or 


1 

P^f 


Pm 


9k rp 3cn 


9k 


T + 



(17) 

(18) 


The first term on tlic right is a constant times T and the second term a 
supposed constant times d, which, as a first approximation, is a linear 
function of T. The small decrease observed for c with increasing T is not 
sufficient to destroy the approximate linearity of the relation of l/Pu to T. 
We thus see that the equation of van Arkel and Snoek, taken in conjunc- 
tion wdth the Debye theory of restricted rotation as developed and applied 
by Muller, gives a plausible picture and an almost quantitative representa- 
tion of the effect of intermolecular action upon dielectric polarization. 

A totally different approach to the problem has been developed by On- 
sager (10) and further examined by Van Vleck (21) and by Cole (1). 
Considering the inductive interaction between molecules, Onsager derived 
an equation for pure polar liquids which may be written 


where 




9kT ^ 


(19) 


, _ 3e(n* -f- 2) 

^ ~ (2* + n*)(e 4- '2) 


(20) 
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in which n is the refractive index. He showed that, for large values of e 
and reasonable values of n, this equation could be simplified into an equa* 
tion identical with an empirical relation found by Wyman (22) to have 
general, though extremely approximate, applicability to unassociated 
liquids. Application of the unsimplified equation to the previously con- 
sidered data on pure ethyl bromide gives the unsatisfactory agreement 
shown in table 3, in which the values of are obtained by setting 


Pm + Pa 


n* — 1 M 
n2 + 2 ‘ "d 


The calculated reduction in the polarization is in the right direction but is 
not large enough. Cole (1), using an approximation justifiable when c is 


TABLE 3 


Polarization values of ethyl bromide calculated from Onsager equation 


fin*C. 

n* 

/ 

(OBBBRVao) 

Ccalculatsd) 

-90 

2.48 


32.7 

47.3 

-70 

2.45 


32.9 

46.5 

-60 

2.395 


33.0 

45.0 

-30 

2.33 

miH 

33.2 

44.0 

-10 

2.285 

0.456 

33.3 

43.1 

10 

2,24 


33.5 

42 5 

30 

2 19 

0,611 

33.6 

41.8 


large, simplifies/, introduces a factor q, and writes the Onsager equation in 
a form equivalent to 


p _ _ r 3(7^^ + 2) "I 

9fcr ^ L 2(c + 2) J ’ 9fcr 


(21) 


The so-called local field parameter which Van Vleck gives as 


q^l + (3akW) 


( 22 ) 


is given as 0 < 9 < 1 and used as an empirical constant necessary to make 
the original Onsager equation fit the experimental data compiled by Wy- 
man. For the alcohols and water, which are unfitted by their strong 
molecular association for testing a general equation, the values of q vary 
from just below zero almost to 1. For the other substances, Cole finds 
values of q lying in the general vicinity of 1. The values of q calculated 
for ethyl bromide from its polarizability and moment are 1.05 at — 90®C. 
and 1.09 at 30®C. Comparison of the Cole equation with that of van 
Arkel and Snoek leads to an equation for the van Arkel c 

3 _ (q(n^ + 2) • iirNy?/%kT) - q 

4t ^ (2 + g) • Al^N^l.^/9kT 


( 23 ) 
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If g — 1, the equation of Cole reduces to that of Onsager and 

3 _ n* + 2 3fcr M 

iTT^ 3 ' d 


(24) 


Application of this equation to ethyl bromide gives -- c = 1.32 at -~90®C. 

47r 

and 1.06 at 30®C., as compared to 1.49 and 1.32 obtained by direct applica- 
tion of the van Arkel equation to the experimental data (table 1). This 
discrepancy is a measure of the previously noted failure of the Onsager 
reduction factor / to reduce the calculated values of Pm down to the 
observed. 

It may be pointed out in passing that Onsager's conclusion that “the 
formation of a ‘hydrogen bond^ increases the electric moment of the group 
which carries the hydrogen^' can be interpreted satisfactorily in the light 
of complex formation without any change in bond moment (16). If, for 
instance, N molecules possessing dipole moment jjl polymerize to form N/2 
double mole(iulcs in which the two dipoles point in the same direction to 
give moment 2^ to each of the double molecules, the apparent value of Pm 
will double and the value calculated for the moment without consideration 
of these changes will be y/2n, although no change in bond moment will 
necessarily have occurred. 

The two general approaches to the problem of the effect of intermolecular 
action upon polarization lead to a factor or term which reduces the polar- 
ization below that which the substance would have in the vapor state. In 
one, the factor is obtained through the height of a potential energy hump 
which is adjusted to fit the data and gives a very plausible explanation and 
an almost quantitative representation of the experimental facts. The 
same general idea of restricted molecular rotation has been employed by 
Eyring and Kincaid (4) and, if consistency with the potential humps indi- 
cated by other physical properties is obtained, the validity of the general 
picture should be more definitely established. In the other approach, the 
factor as obtained by Onsager through consideration of induction between 
the molecules involves definite fixed physical constants, which are sufficient 
to give only a rough approximation to the experimental facts. The neces- 
sity of introducing a more or less adjustable modifying factor renders the 
significance of the agreement with experiment no greater than that in the 
case of the other method. The two approaches to the problem do not 
appear to be mutually exclusive. 


SUMMARY 

Previously determined values of dielectric polarization are examined 
in the light of the theory of restricted molecular rotation and of that of the 
modifying effect of a dipole on its surrounding medium. The variation 
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of these polarizations with temperature and concentration in solution is 
satisfactorily explained by the theory of restricted molecular rotation, as 
developed by Miiller from the theory of Debye and the semi-empirical 
equation of van Arkel and Snoek. The equation developed by Onsager, 
taking account of the inductive effect of the dipoles upon the surrounding 
molecules, gives calculated polarization values not far from the observed 
but it must be modified by an adjustable factor, as proposed by Cole in 
accordance with a suggestion of Van Vleck, in order to fit the experimental 
facts closely. 
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I 

We have presented at length elsewhere (14) evidence derived from 
dielectric constant studies of solutions to show that in simple dipolar ions 
containing one positive and one negative charge separated by an inter- 
vening length of hydrocarbon chain there is nearly complete free rotation 
about the various single bonds of the chain, and that the ions pass through 
all the configurations consistent with such free rotation without being 
stabilized in any preferred configuration. This conclusion applies to the 
dipolar ions only as they exist in solution in polar liquids, and the argu- 
ment rests on the view, supported by both empirical and theoretical con- 
siderations (11, 12, 13), that in the case of strongly polar liquids the di- 
electric constant is a linear function of the volume polarization. Granted 
this, it may be shown from the dielectric constant measurements that the 
polarization, and consequently the mean square distance between the 
charges, is proportional to the length of intervening chain, which is ex- 
actly what is predicted statistically on the assumption of free rotation 
and could hardly be expected otherwise. The dipolar ions in point in- 
clude a very large number of amino acids, peptides, betaines, and other 
compounds in which the number of atoms in the chain varies from one 
(e.g., glycine and alanine) to nineteen (glycine heptapeptide). 

More recently studies of alicyclic amino acids in which the charged 
groups of the dipolar ions are attached to the cyclohexane ring have shown 
that in these molecules also the mean square distances between the charges 
correspond to the hypothesis of free rotation. So far only four cases of 
dipolar ions containing more than a single pair of charges have been con- 
sidered in relation to the question of free rotation (6). These are all 
straight-chain molecules having the following structures 

* Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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(I) NH3'(CHj) 4- CH(COO-) . S • S • CH(COO") • (CH*)4- NHf 

(II) (NH*)*CNH. (CHs)4CH(COO-) .SSCH(C00-)(CH,)4- 

NH-C(NH*), 

(III) COO- . CHs • NH • CO • CH(NH?) • CH, • S • S • CHs - 

CH(NHj') • CO • NH • CH,COO- 

(IV) COO- . CH» . NH . CO . CHs • NH • CO • CH (NH J") • CH, • S • - 

S . CH* . CH(NH?) • CO . NH - CH*. CO - NH - CH*COO- 

All four compounds present a relatively simple case in that each molecule 
consists of two component dipoles connected by a segment of straight 
chain involving four single bonds including the S — S linkage. This makes 
the test for free rotation a particularly simple one. If there is free rota- 
tion about all the single bonds the two component dipoles should in each 
case be oriented very nearly at random with respect to one another, so 
that the mean square moment of the whole molecule should be the sum 
of the mean square moments of the two component dipoles, which arc 
known. This turns out to be the case to a very considerable degree of 
approximation, which shows that in these more complex dipolar ions there 
is the same degree of free rotation that occurs in the simpler t3q)es con- 
taining only a single pair of charges. 

Unfortunately this simple analysis applicable to the four sulfur com- 
pounds cannot in general be used for other types of complex dipolar ions 
with different charge distributions. Such a case is provided by lysylglu- 
tamic acid, a peptide containing two positive and two negative charges, 
in accordance with the following structure: 

(V) NH^- (CH,)4-CH(NH?).C0.NH-CH(C00-)(CH,)2.C00- 

Although dielectric constant data are available for this compound (7) 
no attempt has hitherto been made to analyze them in terms of free ro- 
tation. However, the case is not without interest on its own account, 
and it possesses additional significance because the more general situation 
in which the molecule cannot be analyzed in terms of two simple com- 
ponent dipoles is almost certain to arise in regard to the proteins and 
other complex dipolar ions. 

In this paper we shall present a more general treatment suitable to 
such cases, and proceed to apply it to the data for lysylglutamic acid to 
show that for this dipolar ion also, when it is present in aqueous solution, 
there is the same evidence for free rotation as for the other dipolar ions 
which have been studied. 


II 

The problem which we set ourselves is to reckon the effects of free ro- 
tation in complex dipolar ions in a form m which they may be tested for 
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by dielectric constalnt measurements of aqueous or strongly polar solu- 
tions. Since the dielectric constant is determined by the polarization, 
our first task is to formulate the effects of free rotation on the mean value 
of the polarization of the dipolar ions. In these compounds the electric 
moment is always so large that the contribution of the optical polariza- 
tion to the total is negligible, and we may with a very high degree of ap- 
proximation take the total polarization as proportional to the square of 
the electric moment. Consequently we are led at once to consider the 
mean square value of the moment for a large number of dipolar ions in 
which there is free rotation about all the single bonds. 

As representing a very general case of a dipolar ion we will consider 
the model illustrated in figure 1 . This consists of a long chain with vari- 
ous side branches at the extremities of which, as well as at the two ends 



Fig. 1. Model of a dipolar ion 


of the main chain itself, are located the charges. The various segments 
separated by the points of branching will be referred to by the vectors r. 
We assume that there are p segments in the main chain: n, r 2 , • • • rp; 
and p—l branches or side chains: rj • • • rp-i. The number of individual 
valence bonds or links in the chain segment r* or r[ mil be denoted by 
n* or nj. We shall refer to the various charges associated with the differ- 
ent segments by 6o, ei, • * • as indicated in figure 1. Each is equal to 
either plus or minus the elementary charge c. 

The energy of the dipolar ion in a homogeneous field of intensity F 
is given by the scalar product^ 

F ^ e,(ri + r 2 + ... + i** -f- r,') (1) 

1 

• In this expression we neglect the energy due to the orientation of polar groups 
of the molecule, e.g., a CO*NH group, as well as that due to the optical polari- 
zation, in comparison with the energy resulting from the distribution of the ionic 
charges 
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We readily see from this that the electric moment of the ion is given by 
the vector sum S. Since Ci = ±e this sum may also be written as 

e{aiTx + • • • + + ri + . • . + (2) 

It is evident from the construction of S that the a’s are all whole num- 
bers, the value of each a being determined by the number of positive and 
negative charges on account of which the corresponding r appears in the 
sum. An easy rule for computing a» is the following: Replace each e 
in figure 1 with +1 if the charge is positive and with —1 if the charge 
is negative. Then start at the “right-hand^ ^ end of the main chain (i.e., 
at the position of and take the algebraic sum of all the values ±1 
associated with the main chain back to and including the value dbl 
corresponding to c*. 

Our task is now to reckon the mean square value of S in the form 
given by equation 2. This quantity involves the mean square values of 
the various r^s together with the mean values of the various cross terms 
each consisting of the scalar product of a pair of r^s. We shall now make 
use of the results of Eyring and Kuhn on free rotation in long-chain 
molecules to obtain an expression for the mean square values of the r’s 
and to show that the mean value of each cross term is zero. Eyring (2) 
calculates that the mean square distance between the ends of a straight- 
chain molecule consisting of n-f-l atoms separated by n valence bonds, 
each of length Ci, is given by the expression 

^ = C? [n + 2(n-l)cos 6 + 2(n-2)cos*e + • • • + 2cos""*tf] (3) 


in which 6 is the supplement of the valence angle. This result presup- 
poses complete free rotation about each valence bond, and is rigorous 
except for the fact that no account is taken of steric hindrance. It holds 
for all values of n, even 1 and 2. Kuhn (8), for exactly the same case, 
obtains the approximate result 


C* = nCf 


(1 -f cos d) 
(1 — cos¥) 


(4) 


Both expressions give very nearly the same results for large values of n, 
but Eyring’s expression shows a marked departure from proportionality 
between (7* and n for very small values of n. Thus if we take the valence 
angle as 110", equation 3 yields the following values for C^/nC\ ; n = 
2, 1.17; n = 3, 1.25; » = 4, 1.29; n = 10, 1.37; n 1.42. Kuhn’s 

equation gives 1.42 for all values of n. J[f » is greater than 3 or 4 the 
departure from proportionality between C* and n given by equation 3 is 
probably not much greater than the errors involved in neglecting steric 
hindrance. Neither equation 3 nor equation 4 can be regarded as strictly 
applicable to the case of long-chain dipolar ions, since both are derived 
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for the case of uncharged molecules. More recently Kuhn (9) has given 
a modified treatment for the case in which each terminal atom of the 
straight-chain molecule carries a charge, taking account of the Coulomb 
forces between these charges. For this case, which may be taken as 
representative of a simple dipolar ion, the values obtained for C- are con- 
siderably smaller than those given by the earlier calculations and increase 
somewhat less rapidly than in proportion to n. The values of for small 
values of n given by this later calculation are almost certainly too small 
in the light of other evidence (e.g., in regard to glycine), a fact which 
would tend to^mphasize the departure from proportionality in the rela- 
tion between and n. On the whole, therefore, in the light of all the 
evidence, it would appear that we are justified in writing as an approxi- 
mate expression for the mean square distance between the two charges in a 
simple dipolar ion 

= nfc (5) 

in which n is the number of valence bonds in the length of chain between 
the charges and A; is a constant the actual value of which need not concern 
us. This expression may be expected to hold with a very fair degree of 
accuracy for values of n greater than 2. 

Consider now the vector sum of any two segments 7\ and Tj . We may 
write the mean square value of this sum as follows 


{n + ry = rj + r] -f (6) 

Now assume that the two segments are contiguous and that each contains 
enough valence bonds so that equation 5 is applicable. Then 

r^rJ = {rii + nj)k — ritfc — 7i;fc = 0 (7) 

This result has been derived for the case of two contiguous segments but it 
applies, a fortiori^ to the case where n and r, are not contiguous and it is 
general. A problem arises, however, when one of the segments, e.g., a 
side chain, consists of only a single link. To be sure, the mean square 
product of such a segment with any segment not contiguous is zero, 
but how about its product with a contiguous segment? If the r, of equa- 
tion 6 contains only a single valence bond, equation 5 does not apply to 
it and ry, which is identical with rj, is certainly not equal to k. It would 
seem, therefore, that the conclusion embodied in equation 7 could not hold. 
Reflection shows, however, that this is not so. Actually we are concerned 
with ry only as it forms part of one or more of the greater lengths of chain 
separating the various charges from one another. Provided only there- 
fore that each of these greater lengths of chain contains enough valence 
bonds for equation 5 to be applicable to it as a whole, we are justified in 
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taking r* = k formally and as a convention for purposes of calculation. 
No error is introduced, the relation nr,- = 0 becomes applicable to all 
cases, and a great simplification results. 

On the basis of this convention we are now justified in writing as the 
expression for the mean square value of the moment of the complex 
dipolar ion: • 

= c*(o!rJ + • • • + + rl* + . . • + r"^) 

= e*k(oiWi + ■ " ■ 4* + Wi -|- • • • -J- Up-i) (8) 

The only condition for the applicability of this expression is the one that 
we have mentioned, namely, that each charge of the dipolar ion should be 
separated from each other charge by a length of chain containing a suffi- 
cient number of valence bonds (i.e., n > 2) for equation 6 to be appli- 
cable. We see from equation 8 that the mean square value of the moment 
of the complex dipolar ion is exactly the same as that of a simpler dipolar 
ion containing only a single pair of charges at the ends of a straight chain 
for which n is equal to the quantity in parentheses. 

The second part of our task is to relate this result to the behavior of 
the dielectric constant. We shall start with the point of view already 
mentioned, that in strongly polar liquids such as water and aqueous solu- 
tions the dielectric constant is a linear function of the polarization per 
unit volume; and we shall introduce the concept of the dielectric incre- 
ment, denoted by d and defined as the slope dielectric constant-concen- 
tration curve, concentration being expressed in moles per liter. We have 
shown elsewhere (14) that it follows from the linearity of the dielectric 
constant in terms of the volume polarization that where the molar polari- 
zation of solute and solvent do not change with the concentration d should 
be independent of concentration, as it is found to be in the case of all the 
dipolar ions, and that it should be given by 

5 = fiP -yV (9) 

in which and y are constants,’ P is the molar polarization of the solute, 
and V the volume which it occupies in solution. In the case of dipolar 
ions, as we have pointed out, P is, to a very high degree of approximation, 
proportional to the mean square value of the moment. From this it 
follows by equation 5 that for simple dipolar ions containing a single 
pair of charges separated by a straight chain consisting of n valence 
bonds 


S sa /S'n — yV 


( 10 ) 


' fi should be independent of the solvent; y should be characteristic of the solvent. 
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where 7 is the same as in equation 9 but jS' is a new constant. So far 
as data are available 6 is found to be linear in n. For the series com- 
prising the aliphatic amino acids it is found that 

5 =: 13.2n -- 3.5 (11) 

For the series comprising the peptides of glycine 

6 = 15n - 7 (12) 

The volume effect is seen to be small. The fact that the two values 13.2 
and 16 are different probably reflects the difference between the C — N 
and C — C bonds. Both values are presumably slightly less than the true 
values of 0', since they include the small effects due to the increase of V 
with n. This, however, presents no problem. Either of the empirical 
relations 11 and 12 may be used to predict the value of 8 corresponding to 
a given value of n. Now equation 8 tells us how to calculate the value of 
n for the simple dipolar ion equivalent to any particular complex dipolar 
ion containing a given number of charges arranged in any given way, 
subject only to the conditions set forth above. Consequently we have 
the means of expressing the effects of free rotation in the complex dipolar 
ion in terms of a dielectric increment. 

Let us apply this to the case of lysylglutamic acid. The observed di- 
electric increment is 345. The value of n for the equivalent simple dipolar 
ion obtained by applying the rule given above is 22. If we use the em- 
pirical relation for the peptides the corresponding dielectric increment is 
323. The agreement is to within 6 per cent, which is as close as could be 
expected and would imply that there is the same degree of free rotation in 
lysylglutamic acid as in the other simpler peptides and amino acids which 
have been studied. 


Ill 

The question arises for lysylglutamic acid, as for other dipolar ions, as 
to the actual manner in which the free rotation is effective in producing 
the observed polarizations. The statistical considerations developed 
above apply to the mean square values of the moments of the dipolar ions 
in the absence of an external field, and in relating these to the dielectric 
constant we have proceeded as if each dipolar ion when subjected to a 
field were oriented as a rigid body without its moment being affected. 
This treatment of the problem is certainly arbitrary. In view of the 
flexibility or loose-jointedness resulting from free rotation it w^ould seem 
likely that each dipolar ion is distorted and assumes a new configuration 
in the field quite apart from the question of orientation. Kuhn (9) has 
considered this possibility and concludes that such distortion, at least to 
a first approximation, should make no difference in the measured polari- 
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aations. This means that the polarization displayed in a field by a sta- 
tistically large number of flexible dipolar ions as a result of deformation, 
without the ions being oriented as units (as if, for instance, one valence 
bond of each ion were held fixed), is indistinguishable from that displayed 
as a result of pure orientation without deformation. Reflection shows 
that Kuhn^s conclusion can apply only to the static value of the polariza- 
tion. Actually there should be a difference between the two kinds of re- 
sponse at frequencies comparable with or greater than those corresponding 
to the relaxation times of the molecules regarded as rigid bodies. If the 
dipolar ions contribute to the polarization exclusively by orientation, the 
dielectric constant should pass through a region of anomalous dispersion 
at such frequencies; if, on the other hand, they are equally capable of 
developing a polarization in the alternative manner, then no such region 
of dispersion should exist. A decision as to which of these alternatives is 
realized physically must of course ultimately depend on experiment. 
Unfortunately the relaxation times predictable^ for all the dipolar ions 
other than proteins which have so far been studied are so small that the 
critical frequencies are greater than or at least of the same order of mag- 
nitude as the frequencies used in the measurements. The greater part of 
the measurements, including all those on the larger peptides, have been 
made at 10* cycles or less, though Devoto in his work has used a frequency 
about three times this (X = 90 cm.). Even for cystinyldidiglycine, with 
a molecular weight of 504.2, the calculated critical frequency is about 
2 X 10* (X = 1.5 m.). For smaller dipolar ions the critical frequencies 
should be smaller, in inverse proportion to the molecular weight. The 
fact, therefore, that none of the measurements gives evidence of dispersion 
cannot be regarded as really significant in relation to the problem. It 
seems a priori unlikely that dipolar ions should contribute to the polariza- 
tion only by orientation as rigid bodies. Certainly in compounds like 
those represented by formulas I to IV we should expect the two compo- 
nent dipolar ions, connected as they are by a flexible sequence of single 
bonds, to be able to orient independently of one another, so that the crit- 
ical frequency should in any case not be less than that corresponding to 
the relaxation of each half of the molecule regarded as a unit. The case 
of a sla'ucture like lysylglutamic acid is perhaps not so clear. 

There are two sets of observations which have an important bearing 
on the issue. One comprises meajsurements of the polarizations of various 
fractions of hydroxydecanoic acid polymers, different fractions being 
characterized by different mean molecular weights, up to 28,650 (1, 15). 
These compounds are not dipolar ions, but each consists of a number of 
polar groups separated by sections of hydrocarbon chain, each section 

^ By treating the ions as rigid spheres and applying Stokes’ formula. 
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consisting of nine valence bonds about which there is free rotation. They 
are soluble in benzene, where precise determinations of moments are 
possible. In this solvent the polarizations of all fractions are the same as 
those calculated on the basis of free rotation to within 5 per cent or better 
and are independent of frequency up to 4.8 5 ^ 10^ (7 = 6.25 m.), which is 
almost certainly well above the critical frequency of the larger polymers. 
These polymers therefore present a clear instance of molecules which, 
without being oriented as a whole, yet, by virtue of the flexibility due to 
free rotation about the various valence bonds, exhibit precisely the same 
polarizations as if they were, with mean square moments equal to those 
calculated statistically on the assumption of free rotation in the absence 
of a field. 

The other set (*omprises measurements on proteins in aqueous solution 
(14, 10 , 3). Proteins exist, of course, as dipolar ions, but since the de- 
tails of their structure remain almost wholly unknown, it is at present 
impossible to say whether the observed dielectric increments correspond 
to what would be expected from free rotation or not. The significant 
fact is that all those proteins which have been studied show the phe- 
nomenon of anomalous dispersion at radio frequencies. In the light of 
what has been said this might be interpreted in either one of two ways. 
On th(' one hand we might assume that dipolar ions, at any rate those of 
the complex type, for some reason behave differently from uncharged 
polar molecules like the hydroxydecanoic acid polymers: that, although 
exhibiting statistically the mean square moments calculated for free rota- 
tion, they fail to contribute to the polarization except by orientation as 
rigid bodies. The fact that no dispersion range has been observed for 
any of the dipolar ions other than the proteins would then be explained 
on the grounds that the frequencies employed in the measurements have 
all been too low. On the other hand, we might account for the behavior 
of the proteins by supposing that they possess an element of rigidity in 
their structure not found in any of the synthetic pe]:)tides which have 
been studied so far. If so, it would seem, from tiu* work on the cyclo- 
hexane amino acids, that this must consist in some structural feature other 
than the mere formation of alicyclic rings. The latter interpretation is 
certainly the more plausible, and offers interesting suggestions in regard 
to protein structure. 


SUMMARY 

A general procedure has been worked out for calculating the effects of 
free rotation in complex dipolar ions, containing a given number of 
charges arranged in any given way, in terms of a dielectric increment for 
an aqueous solution. The procedure has been applied to the case of lysyl- 
glutamic acid, which, like other dipolar ions previously considered, is 
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found to meet the test of free rotation. Possible implications of these 
results in terms of protein structure have been discussed. 
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Within the last decade the Debye-Huckel theory has been extended to 
explain fairly satisfactorily the behavior of dilute electrolytic solutions. 
The change of the logarithm of the activity coefficient, the apparent (or 
partial) molal heat content, heat capacity, volume, compressibility, and 
expansibility has been shown, theoretically and experimentally, to be a 
linear function of the square root of the volume concentration, c. The 
rate of change of all these properties with the square root of the concentra- 
tion depends upon the valence tsrpe of the salt and increases as the ions 
carry larger charges. These results have been discussed in a number of 
review articles (14, 24, 15) and books (23, 11). 

In general, non-electrolytes behave more like perfect solutes than do 
electrolytes, but they also show appreciable deviations, when studied 
carefully. Theoretical work by Fuoss (12) has indicated that many of 
these deviations may be due to the mutual interaction of dipolar solute 
molecules. The limiting slopes of the thermodynamic properties of such 
solutions should be linear functions of the first power of the concentration, 
and should increase with increasing dipole moment. As E. Q. Adams (1) 
and Bjerrum (2) showed a number of years ago, amino acids in aqueous 
solutions exist almost wholly as zwittcr ions, with large dipole moments 
which Wyman (30) has evaluated from the large increase in the dielectric 
constant of their aqueous solutions. Cohn and his collaborators* have 
studied many properties of the amino acids in solution. With the help of 
theoretical investigations by Scatchard (28) and Kirkwood (22) they have 
correlated these properties with the zwitter-ionic nature of the solutes in 
a most illuminating way. A stimulating review, entitled “The Chemistry 
of the Proteins and Amino Acids,” was published by Cohn three years 
ago (4). 

* Presented at the Symposium on Molecular Structure, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

•The first and second authors measured the specific heats; the second author 
measured most of the densities; the third author measured the densities of the dilute 
solutions and of solid glycolamide. 

• In the Department of Physical Chemistry of the Harvard Medical School. 
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Our work developed from calculations of the heat capacities of zwitter 
ions made by Edsall (9) and from a discussion with Professor Cohn, who 
very kindly offered to furnish the necessary purified material. We are 
planning a systematic study of the heat capacities and heats of dilution of 
solutions of the amino acids and their uncharged isomers and of the densi- 
ties of those solutions for which values are not now known accurately. 
Such a study should show clearly the effect of the charged groups on the 
thermod 3 aiamic behavior of the solutes. The present article deals with the 
apparent molal heat capacities and volumes of glycine, ■^H 8 NCH 2 COO~, 
and of its uncharged isomer, glycolamide, CH2OH CONH2. 

MATERIALS AND SOLUTIONS 

Most of the glycine used in this investigation was very kindly purified 
for us by Dr. John T. Edsall.'* The original material, prepared by the 
Dow Chemical Company, was recrystallized four times from hot water. 
Dr. Edsall reported that Kjeldahl analyses gave 18.71 and 18.74 per cent 
nitrogen, which agreed within experimental error with the theoretical 
value of 18.66 per cent. His conductivity measurements indicated about 
0.01 per cent of electrolytic impurity (calculated as ammonium chloride), 
which would have no appreciable effect upon our specific heat measure- 
ments. 

The material furnished by Dr. Edsall was supplemented by a second 
lot, which Mr. Keko prepared in this laboratory by the method of Orten 
and Hill (26). This material gave no test for ammonia with Nessler’s 
reagent or for chloride with silver nitrate. A 0.9 m solution (experiment 9) 
showed a small amount of insoluble residue, but its specific heat was only 
0.017 per cent lower than that calculated from our other results. Filtra- 
tion and one further crystallization gave a product which dissolved com- 
pletely. Conductance measurement showed a salt content of 0.01 per 
cent (as ammonium chloride). This material was identical in the specific 
heats and densities of its solutions with the material supplied by Dr. 
Edsall. 

The first sample of glycolamide was furnished by Dr. Edsall. It was 
made by passing dry ammonia gas into a solution of ethyl glycolate dis- 
solved in well-dried absolute alcohol. When the solution was saturated 
it was allowed to stand for several days, and was then evaporated to dry- 
ness under reduced pressure. The glycolamide was recrystallized thrice 
from hot ethanol. Dr. Edsall reported that it gave no test for ammonia 
with Nessler^s reagent, and showed 18.54 and 18.60 per cent amide nitro- 
gen, which. agrees within experimental error with the theoretical value 
(18.66 per cent). The uncorrected melting point of 118®C. is slightly 
lower than some reported in the literature. 

♦ Of the Department of Physical Chemistry of the Harvard Medical School. 
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Since the solubility of glycolamidc in water is about twice as great as 
that of glycine, we were unable to cover the whole range of concentration 
with the material at our disposal. We therefore prepared a se(*ond lot, 
and we are now engaged in determining the specific heats and densities 
of the concentrated solutions. These results are not necessary for the 
purposes of our present comparison but will be published subsequently. 

Because of the limited amount of material at our disposal, we reclaimed 
it from each solution after use. The glycine solutions were evaporated 
to saturation under reduced pressure at about 40®C. Three volumes of 
ethanol were then added and the solution chilled with ice. This precipi- 
tated all but about 1.6 per cent of the glycine (7) as small crystals which 
were filtered on a platinum sponge crucible and dried in vacuo. The 
ethanol was purified by refluxing for 3 to 4 hr. with sulfuric acid and dis- 
tilling from a good column. This treatment was found by Leighton (25) 
to yield very pure alcohol. 

The glycolamidc was reclaimed by evaporating to dryness at 35 40°C. 
under reduced pressure; it was then dissolved in pure hot ethanol and 
crystallized at 0°C. The crystals were collected on a platinum filter and 
dried in vacuo. 

Solutions of glycine and glycolamide must be protected from contamina- 
tion with microorganisms. Some of our glycine solutions which had stood 
for a week developed small thread-like pieces of white mold. Professor 
Edgecombe^ very kindly prepared a culture of this material and sent it to 
the Bureau of Plant Industry of the United States Department of Agricul- 
ture, where it was identified as a species of Fusarium. At Professor Edge- 
combe’s suggestion, we filtered the solutions through a sterilized Mandler 
filter of diatomaceous earth to remove the mold and spores. By sterilizing 
all apparatus with heat at frequent intervals, filtering or boiling all the 
distilled water, and using solutions immediately, we were able to prevent 
appreciable contamination. Whenever a thread or two of mold appeared, 
the solution was put through a bacterial filter before reclaiming the ma- 
terial in it. 

The distilled w^ater used in making up the solutions had a specific con- 
diKJtance of less than 2 X 10“® mhos. It was deaerated immediately 
before use. Most of the solutions were made up determinate from this 
water and the solid, which was dried in vacuo at 40°C. in the same manner 
as the organic materials used in previous work in this laboratory (16, 17). 
Three glycine solutions were made by quantitative dilution with water. 
The weights were calibrated and all weighings w’cre reduced to the vacuum 
standard, using the value 1.607 for the density of glycine (7) and 1.390 
for that of glycolamide, determined in this investigation. 

The density of each solution was used as a check on its concentration. 

‘ Of the Department of Botany, Northwestern University. 
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The first four glycine solutions were made in a volumetric flask, calibrated 
to deliver the correct volume to the calorimeter at 25®C. Their densities 
were calculated to about 0.1 per cent. In the other experiments an extra 
amount of solution was made and its density was determined to rhO.l per 
cent, usually in duplicate, in 10-ml. pycnometers. The densities of the 
glycine solutions were compared with a large-scale plot of the consistent 
results of Dalton and Schmidt (8) and of Cohn and his collaborators (3, 5) 
covering the whole range of concentration. Our values agreed with these 
within experimental error in nearly every case. Where discrepancies 
occurred, we concluded that they indicated an error in making our solution 
and discarded the results, as explained in the next section. 

No densities of glycolamide solutions were found in the literature, but 
the correctness of our concentrations was indicated by the self-consistency 
of the densities we determined. 

SPECIFIC HEATS AND APPARENT MOLAL HEAT CAPACITIES 

The experimental results 

The specific heats were measured with the differential apparatus, em- 
ploying variable heaters, that has been developed in this laboratory (18) 
and has been found to give results reproducible bn the average to 0.01 per 
cent or better. Table 1 contains the results for the glycine solutions, 
numbered chronologically. Those lettered a and b were made by quanti- 
tative dilution of portions of the original solution. Experiment 2 (2.85 M) 
was discarded because the solution deposited solid glycine in the calorim- 
eter when it stood overnight a few degrees below 25®C. Experiments 
3a and 4 were discarded because of discrepancies in the densities, which 
cast doubt upon the concentrations of the solutions. Experiment 9 was 
discarded because of a trace of insoluble matter, and experiment 10 when 
an error was found in the amount of solution weighed into the calorimeter. 
Table 1 contains all the results for glycine except those affected by the 
known errors explained above. Table 2 contains the results of all the 
experiments with glycolamide. 

In these tables the molality, m, was calculated directly from the weights 
of the constituents, using for the molecular weight of glycine and glycola- 
midothe value M 2 « 75.0685 (1938 atomic weights). The molarity, c, was 
calculated from the weights and the densities in all the experiments except 
the first four with glycine, where it was calculated from the weight of 
glycine and the volume of the flask. The specific heat is relative to water 
at the same temperature. The apparent molal heat capacity is calculated 
from the usual equation 



MOLAL HEAT CAPACITIES AND VOLUMES 


157 


TABLE 1* 

Specific heats and apparent molal heat capacities of glycine at 5°, and 


BXPT. 

NO. 

AT M“C. 

in 

6*0. 

26“C. 

40*C. 


10» 

Aa 

♦Cp. 

a 

10^ 

Aa 


a 

10* 

Aa 



0.0000 

0.0000 

1.00000 



1.00000 



1.00000 



lb 

0.0983 

0.0990 




0.99353t 

0 

9.3 




10 

0.1002 

0.1009 

0.99211t 

-4 

-3.8 




0.99387 

-3 

13.8 

3b 

0.1995 

0.2019 




0.98699t 

0 

9.7 




la 

0.2989 

0.3042 




0.98074t 

2 

10.3 




12 

0.2997 

0.3055 

0.97713t 

5 

-1.50 

0.98061 

0 

10.2 

0.98201t 

4 

14.8 

1 

0.3995 

0.4078 




0.97446t 

-4 

10.6 




8 

0.6010 

0.6190 

0.95604 

-2 

0.76 

0.96241 

2 

11.52 

0 96487 

1 

15.68 

11 

0.8918 

0.9311 

0.93727 

-2 

2.990.94566 1 

-5 

12.63 0.94901 

-5 

16.48 

7 

1.2001 

1.27100.91886 

1 

5.140.92905 

3 

13.920.93315 

2 

17.46 

6 

1.7991 

1.9629 

0.88624t 

0 

8.57 

0.89899 

2 

16.02,0.90421 

-2 

19.07 

5 

2.3976 

2.6972 




0.87151 

7 

17.79 

0.87767 

3 

20.53 

3 

2.695 

3.0792 




0.85844t 

-3 

18.47 




Average. 

±2 



±3 



dr3 



* In tables 1 and 2 experiments are numbered chronologically, c (at 25°C.) is 
the molarity (moles of solute per liter of solution at 25®C.), and m is the molality 
(moles of solute per 1000 g. of water). As is the difference between the observed 
specific heat, s, and that calculated from the equation for the apparent molal heat 
capacity, OCp,, listed in table 3. 

t These results are the average of two pairs of experiments instead of one. 

TABLE 2 


Specific heats and apparent molal heat capacities of glycolamide at 5°, and 40°C, 






5*C. 


25"C. 


1 40*C. 


£XPT. 

c 











NO. 

AT 25*C. 

m 

a 

10* 

Aa 


a 

10* 

Aa 


a 

10* 

Aa 



0.0000 

0.0000 

1.0000 



1.00000 



1.00000 



2 

0.1985 

0.2014 

0.99047 

2 

27.1 

0.99223 

0 

35.9 

0.99297 

2 

39.7 

6 

0.4002 

0.4107 

0.98099 

-4 

27.4 

0.98444 

0 

36.0 

0.98588j 

8 

39.7 

5 1 

0.7547 

0.7905 

0.96512 

1 

28.33 

0.97109 

6 

36.33 

0.97332 

-10 

39.31 

4 i 

1.1985 

1.2890 

0.94619 

1 

29.29 

0.95467 

-7j 

36.50 

0.95808 

-4 

39.40 

3 

1.5994 

1.7632 

0.92999 

, 0 

30.11 

0.94048 

-2 

36.84 

0.94475 

11 

39.59 

1 

2.3019 

2.6537 

0.90342 

2 

31.42 

0.91666 

0 

37.41 

0.92229 

-2 

39.95 

Average 

d=2 



db3 



db6 



It is therefore expressed in calorie units at the temperature of the experi- 
ment. 

The values of the apparent molal heat capacities were found to lie 
along smooth curves, linear in the dilute region, when they were plotted 
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against either the molality or the molarity. The slope and curvature were 
greater in the case of glycine. Using the molality as abscissa for conven- 
ience in calculation, a power series of the type 

+ am + bm^ (5) 

proved adequate to reproduce the results over the whole range of concen- 
tration. The coefficients, given in table 3, were determined at each 
temperature by the method of least squares, weighting each value of the 
apparent molal heat capacity according to its probable accuracy, measured 
by the reciprocal of [1000/m + M 2 ]. In the specific heats the average 
deviation of the experimental points from the lines represented by these 
equations was ±: 0.003 per cent. The excellent agreement is shown by 


TABLE 3 

Equations for the apparent molal heat capacities of glycine and glycolamide and the 
partial molal heat capacities of solute and solvent at J®, and 40 ^C. 



QLTCIKS 

OLTCOLAMIDB 

[ = 

-4.30 + 9.01m - 1.25m* 

26.55 + 2.39m - 0.21m* 

At 5°C. C. = 

-4.30 + 18.02m- 3. tW 

26.55 + 4.78m - 0.63m* 


0.1623m* - 0.0450m* * 

0.0431m* - 0. 0076m* 

f *0,. = 

8.83 + 4 58m - 0.47m* 

1 35.76 + 0.62m 

At 26*0. { Cp. = 

8.83 + 9.16m - 1.41m* 

35.76 + 1.24m 

ics. - c,, - 

0.0825m* - 0.0169m* 

0 0112m* 


13.74 + 3.27m - 0 28m* 

39.72 - 0.527W + 0.23m* 

At 40*0. { = 

13.74 + 6.54m - 0.84m* 

39.72 - 1.04m + 0.69m* 

Icji. - c,; = 

0.0589m* - 0 0101m* 

-0.00947W* + 0.0083m* 


the plots of the results made in figure 1 . The curves will be discussed in 
more detail in a later section. 

Comparison with other investigations 

No studies of the specific heats of glycolamide solutions could be found, 
but glycine solutions have been studied by Zittle and Schmidt (32). They 
used twin Dewar flasks, one of which supplied a reference temperature, 
while the solution in the other was heated through a measured temperature 
interval. They tabulated values of the specific heat and partial and 
apparent molal heat capacities at even concentrations, read from a 
smoothed plot of their original data, and concluded that the apparent and 
partial molal heat capacities were linear functions of the molality. The 
average difference between their tabulated specific heats and those calcu- 
lated from our equation is dbO.6 per cent, while the maximum, in the nearly 
saturated solution, is 0.9 per cent. In this comparison we took into ac- 
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count their use of the 15°- instead of the 25‘’-calorie. In order to make a 
more satisfactory check of this work, we turned to the original data of 
Zittle (31) and plotted the fifty specific heats against the molality on a 
large scale. A comparison with the smooth curve through our experi- 
mental results showed an average deviation of ±0.5 per cent, which is the 
same as the average difference between his duplicate experiments. Up to 
1.2 m his results are equally distributed above and below our curve, with 
an average deviation of ±0.4 per cent, and therefore agree nicely with 
ours. At the higher concentrations his resulis all fall below our curve. 



Fio. 1. Apparent inolal heat capacities of glycine and glycolamide at 
5^ 25^ and 40°C. 

with an average deviation of 0.85 per cent. This is so near his own experi- 
mental uncertainty that the difference probably is not significant. 

Partial molal heat capacities 

The partial molal heat capacities of solute and solvent are easily calcu- 
lated from the coefficients of equation 5 by means of the equations used 
in a previous article from this laboratory (16). 

Cp, = ^Cpj -f- 2om + 36m- 

Cp. - = 10»Mx(am® -|- 26m«) 


( 6 ) 

( 7 ) 
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where Mi is the molecular weight of water, 18.016, and Cp®, is the molec- 
ular heat capacity of pure water, which has the same numerical value, 
since the unit is the calorie per degree at the experimental temperature. 
The numerical coefficients of these equations are collected in table 3. 

DENSmSS AND APPARENT UOLAL VOLUMES 

The densities of aqueous solutions of glycine have been studied by Dalton 
and Schmidt (8) and by Cohn and his collaborators (3, 5, 7) at 25®C. from 
the saturated solution (2.9 M) to the 0.16 M solution. Cohn (5) found 
that the apparent molal volume of glycine was a linear function of the 
molarity, c, from 2.5 to 0.25 moles per liter. Our determinations of the 
densities of the solutions used for specific heat measurements confirmed 
these findings. In order to extend these measurements to low concentra- 
tions, we made a very careful determination of the densities of four dilute 
solutions, using 60-ml. pycnometers differentially, as described in a recent 
article from this laboratory (19). All of our results are presented in table 4. 

The apparent molal volumes were calculated from the usual equation 



where di and d are the densities of water and solution and the other sym- 
bols have their previous significance. A plot of the api)arent molal 
volumes from our work and from that of the previous investigators is shown 
in figure 2. The solid line corresponds to the equation listed in table 6. 
The coefficients were calculated from our results and those of Cohn and his 
collaborators by the method of least squares, weighting each result by the 
factor p(di—d), where p was estimated from the self-consistency of the 
series. It was assigned the value 1 for our experiments at higher concen- 
trations, 4 for those of Cohn and his collaborators, and 50 for our results 
at low concentrations. The agreement between the points and the line 
is excellent, averaging ±0.0006 per cent in the density for our low concen- 
tration experiments, ±0.014 per cent for those at high concentration, and 
±0.005 per cent for those of Cohn. The only serious discrepancy was in 
the density of the saturated solution given by Cohn, McMeekin, Edsall, 
and Weare (7), which is 0.08 per cent lower than that calculated from our 
line. This value undoubtedly would be subject to the greatest experi- 
mental uncertainty, and was not considered in our calculations. The 
results of Dalton and Schmidt agree with our line, on the average, within 
±0.013 per cent in the density. They are consistently higher in the less 
concentrated solutions and lower in the more concentrated ones, but the 
maximum deviation is 0.04 per cent. 

Since we could not find the density of solid glycolamide in the literature, 
we determined it in a specific gravity bottle of the usual design, having a 
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ground-glass stopper with a capillary opening. We found that the amide 
was not appreciably soluble in n-heptane, which was used as confining 
liquid. The bottle was calibrated with water at 25®C. and gave a value 

TABLE 4* 


Denaities of aqueous solutions of glycine at and corresponding apparent and 

partial molal volumes 


SXPT. NO. 

e 

m 

d 

(IN P.P.M.) 

♦Vt (ob- 
served) 

Vs (calcu- 
lated) 

Vi (calcu- 
lated) 


0.00000 

0.00000 

0.997074 



43.199 

18.0691 

6a 

0.1002 

0.1009 

1.00026 

-10 

43.4 

43.38 

18 0689 

b 


i 

1.00011 

-160 

44.9 



11a 

0 10056 

0.10129 

1.000287 

4 

43.24 

43.38 

18.0689 

b 


j 

i 

1.000285 

2 

43.26 



9a 

0.20112 

0 20348 

1.003489 

15 

43.30 

43.54 

18 0685 

b 



1.003484 

10 

43.32 



8a 

0.40024 

0.40853 

1.009749 1 

7 

43.53 

43.88 

18.0666 

b 



1.009744 

2 

43.54 



10a 

0.59794 

0.61579 

1.015898 

-1 

43 72 

44.21 

18.0635 

b 



1.015898 ' 

-1 

43.72 



4a 

0.6010 

0.6190 

1.01598 

80 

43.73 

44.22 

18.0635 

b 



1.01582 1 

i 

-80 

44.00 



7a 

0.8918 

0.9311 

1.02481 ; 

-120 

44.09 

44.71 

18-0567 

b 



1.02471 

-220 

44.21 



5a 

1.0003 

1.0496 

1.02821 

-10 

44.07 

44 88 

18.0535 

b 



1.02800 

-220 

44.28 



3a 

1.2001 

1.2701 

1.03414 

-no 

44.31 

45.21 

18.0467 

b 



1.03453 

290 

43.98 



2a 

1.7991 

1.9629 

1.05167 

-190 

44.85 

46.17 

18.0189 

b 



.1.05160 

-260 

44.95 



la 

2.3976 

2.6972 

1.06880 

-50 

45.28 

47.09 

17.9801 

b 



1.06900 

150 

45.20 




* In tables 4 and 5 the experiments are numbered chronologically, c and 7n repre- 
sent the molarity and molality, respectively, as in tables 1 and 2; d, the density of the 
solution in grams per milliliter; and Ad, the observed density minus that calculated 
from the linear equation in table 6. The density of pure water is taken from the 
International Critical Tables, VoL III, p. 25. The densities in experiments 8 to 11 
were determined in 60-ml. pycnometers, the others in 10-ml. ones. 
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for the density of n>heptane within 0.01 per cent of that given in the Inter- 
national Critical Tables (21). Two separate experiments gave the density 
of the amide as 1.3890 and 1.3905, averaging 1.390 g. per milliliter. 

Recently we have learned from Dr. Edsall of an unpublished determina- 
tion of the density of solid glycolamide, made by Dr. T. L. McMeekin.* 
Using benzene as the confining liquid, he obtained a value 0.8 per cent 
higher than ours. 

The densities of the amide solutions were determined like those of the 
glycine solutions, the 60-nil. pycnometers being used only for nine of the 
most dilute solutions. The results are presented in table 5. The corre- 



Fia. 2. Apparent molal volumes of glycine and glycolamide at 25'’C. 

spending values of the apparent molal volume, plotted in figure 2, were 
found to lie along a straight, nearly horizontal line, represented by the 
equation listed in table 6. The coefficients were determined as before by 
the method of least squares, omitting experiment 11. The agreement 
between the other points and the line was very satisfactory, averaging 
±0.0007 per cent in the density for the results with the 60-ml. pycnometers 
and ±0.005‘ per cent for the others. Experiment 11 differed by ten times 
the average amount. 

Dr. Edsall has called our attention to an unpublished determination of 
the density of a 0.2704 molar solution of glycolamide at 25®C., also made 




TABLE 5* 

Densities of aqueous solutions of glycolamide at 25**C, and corresponding apparent and 
partial molal volumes 


BXPT. 

NO. 

e 

m 

d 

Ad 

(in p.p.m.) 

♦Vt 

(obbervxbd) 

Vt 

(CALtCU- 

X.ATSD} 

V, 

(CAI.CU- 

latbd) 


0.00000 

0.00000 

0.997074 



56.156 

18 0691 

10a 

0.04092 

0.05021 

0.998042 

16 

55.84 

56.17 

18.0691 

b 



0.998035 

9 

55.98 



15a 

0.04993 

0.05022 

0.998027 

1 

56.15 

56.17 

18.0691 

b 



0.998023 

-3 

56.23 



8a 

0.09985 

0.10071 

0.998968 

-10 

56.26 

56.19 

18.0690 

b 



0.998964 

-14 

56.30 



13a 

0.10038 

0.10126 

0.998990 

3 

56.15 

56.19 

18 0690 

b 



0.998986 

-1 

56.19 



9a 

0.19695 

0.19974 

1.000829 

4 

56.17 

56.22 

18.0690 

b 



1 .000823 

-2 

56.20 



2a 

0.1985 

0.2014 

1.00086 

5 

56.2 

56.22 

18.0690 

b 



1.00083 

-25 

56.2 



12a 

0.30127 

0.30736 

1.002807 

0 

56.20 

56.25 

18.0688 

b 



1.002806 

-1 

56.21 



lla^ 

0.30635 

0.31267 

1.002786 

-117 

56.59 



b 



1 .002779 

-124 

56.61 



6a 

0.4002 

0 4107 

1.00462 

-113 

56.4 

56.28 

18.0686 

b 



1.00473 

-3 

56.4 



7a 

0.51506 

0.53198 

1.006863 

5 

56.23 

56.32 

18.0683 

b 



1.006856 

-2 

56.24 



5a 

0.7547 

0.7905 

1.01138 

0 

56.27 

56.40 

18.0675 

b 



1.01132 

-60 

56.33 



14a 

1.00049 

1 .06335 

1.015973 

-28 

56.34 

56.47 

18.0662 

b 



1.015991 

-10 

56.33 



4a 

1.1985 

1.2890 

1.01977 

61 

56.29 

56.53 

18.0650 

b 



1.01963 

-79 

56.41 



3a 

1.5994 

1.7632 

1.02725 

72 

56.38 

56.64 

18.0617 

b 



1.02712 

-58 

56.45 



la 

2.3019 

2.6537 

1.04022 

77 

56.49 

56.84 

18.0538 

b 



1.04017 

27 

56 51 




' The densities in experiments 7 to 15 were determined in 60-ml. pycnometers, the 
others in 10~ml. ones. 


t The value of Ad in experiment 11 is more than ten times as large as the a\erage 
value of Ad for all other experiments with 60-ml. pycnometers. This large dis- 
crepancy is shown in figure 2. This determination was omitted from the calculation 
of the equations for density and apparent molal volume. 
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by Dr. McMeekin. He found a molal volume of 56.21 ml., which agrees 
excellently with the value of 66.20 ml. calculated from our equation. 
Dr. McMeekin apparently was the first person to suggest and' make a 
comparison of the properties of amino acids and those of their uncharged 
isomers. 

The equations for the apparent molal volumes of glycine and glycolamide 
were used to calculate the density as a function of the molarity and also 
to calculate the partial molal volumes of solute and solvent, as in the recent 
paper from this laboratory to which we referred before (19). The differ- 
ences between the observed and calculated densities are listed in tables 
4 and 5, as are also the values of V 2 and Vi. The corresponding equations 
are given in table 6. 


TABLE 6 

Equations for the densities and apparent molal volumes of glycine and glycolamide 
and the partial molal volufnes of solute and solvent at 


V 2 

Vi 


0.997074 4- 0.031996c - 8.589 X 

43.199 4- 0.8614c 

r2000 ~ 43 199c 1,, , , 

18069.1 


1000 -f 0.8614c* 


OLTCOLAMIDB 


0.997074 4- 0.019076c - 1.6fK) X 
10~^c* 

56 156* 4- 0.1595c 

*2000 - 56. 166c 


56.166 4- 


1000 + 0.1595c* 
18069.1 


>• 


1595c 


1000 + 0.1595c* 


DISCUSSION OF RESULTS 

The sjmilarity between the apparent molal volume and heat capacity 
curves is at once apparent from figures 1 and 2. In each case the curve 
for glycine is lower than that for the amide and the curvature is much 
greater. The small value of the apparent molal volume of glycine has 
been discussed by Cohn, McMeeken, Edsall, and Blanchard (6) in an 
article dealing with the apparent molal volume of amino acids and the 
electrostriction of the solvent. In this connection it is interesting to 
compare the molal volumes of solid glycolamide, 54.01 ml., and of solid 
glycine, 46.71 ml. (7). The difference of 7.30 ml. shows the much closer 
packing in the crystal lattice of glycine, due to the electrostatic forces. 
In an infinitely dilute solution the apparent (or partial) molal volume of 
glycolamide is 56.16, 2.15 ml. larger than that of the solid. If we take 
Gibson’s (13) value of 10 per cent as the normal increase in volume on 
melting, we would estimate an apparent molal volume of 59.4 ml. for 
glycolamide if it formed a perfect solution. The difference, due to electro- 
striction, amounts to only about 3.2 ml. In the case of the glycine, how- 
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ever, the limiting value of the partial molal volume is 3.51 ml. less than 
the molal volume of the solid, showing that the electrostrictive effect upon 
the solvent is even greater than that in the crystal lattice. The difference 
of 12.96 ml. between the apparent molal volumes of glycine and of glycola- 
mide in the infinitely dilute solution is probably the best available figure 
for the difference due to the zwitter ion in solution. This value is very 
near the 13.3 ml. which Cohn (6) deduced as the average difference between 
the apparent molal volumes calculated for solid uncharged amino acids 
and those found for the zwitter ions in 0.25 m solution at 25®C. In com- 
parison with the hypothetical uncharged liquid, the total electrostriction 
in solution would amount to about 16.2 ml. 

In the case of glycine the molal heat capacity of the solid at 25°C. is 
23.9 cal. per degree, according to Parks (27). The apparent molal heat 
capacity at infinite dilution is 15.2 cal. per degree less at 25°C. This 
difference varies enormously with temperature, being twice as great at 
5®C. and only two-thirds as large at 40®C. The heat capacity of solid 
glycolamide could not be found in the literature. 

In comparing the apparent molal heat capacity curves, the lower value 
for glycine would be expected on general grounds. The decrease in heat 
capacity caused by the formation of free ions is well known and amounts 
to 50.6 cal. per degree per mole in the case of water and its ions (14). The 
decrease in the formation of ammonium and acetate ions from imdisso- 
ciated ammonia and acetic acid was estimated by Edsall (9) from ther- 
mochemical and E.M.F. data as 43 to 47 cal. per degree per mole. He 
predicted that the corre.sponding formation of a zwitter ion from the 
uncharged 'a-amino acid would cause a somewhat smaller de(Teasc, 
because the resulting charges were too close to exert their maximum electro- 
striction upon the water. Recently he sent us the results of some interest- 
ing calculations which have not been published elsewhere and which we 
are presenting here with his permi.ssion (10). 

Taking the change of the second dissociation constant of several amino 
acids from the recent data of Smith (29), ICdsall finds for the reaction: 

H+ -f H2NRC0()- = +H3NRCOO’ (10) 

ACpi = —7 cal. deg.“^ mole"^ (5°C.) 

ACpi = +25 cal. deg.*“^ mole“^ (40®C.) 

This reaction can be represented as the sum of two others : 

H2NRCOOH = +H3NRCOO- (11) 

• ACpj 


and 


H*NRCOO- + H+ = H2NRCOOH 


( 12 ) 
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Assuming that the change of heat capacity in the last reaction is about 
the same as that for the ionization of acetic or propionic acid, he took the 
results of Hamed and Ehlers (20) for propionic acid and found: 

ACj,, = 35 cal. deg.-‘ mole-» (5“C.) 

ACp, * 39 cal. deg~‘ mole~‘ (40®C.) 

By subtraction he obtained for the change from uncharged acid to 
zwitter ion: 

ACp. = -35 - 7 = -42 cal. deg.-* mole-* (5“C.) 

ACp, = — 39 + 25 = —14 cal. deg.-* mole-* (40®C.) 

Although these calculations involve the usual uncertainties inherent in 
the second derivatives of e.m.f. data, they suggested that we might find 
a much greater difference between glycine and glycolamide at low than 
at high temperatures. We therefore made the series of measurements 
at 5®C. and 40°C. The results show a decrease in C®, of 31.3, 26.9, and 
25.5 calorie units at 5°, 25®, and 40®C. The decrease is smaller at the 
higher temperatures, as Edsall’s calculations predicted, but the change 
with temperature is much smaller than the e.m.f. data indicate. Qualita- 
tively, the difference due to the zwitter-ionic structure of the a-amino 
acid is about as much less than that due to complete ionization as we would 
expect. 

Although we can correlate most of these results qualitatively with the 
effect of electrostriction upon the volume and heat capacity of the solvent, 
we have as yet no theory which will predict quantitatively the behavior 
of aqueous solutions of dipolar solutes like the amino acids. Kirkwood 
(22) has dealt with the effect of ions upon the activity and solubility of 
amino acids, and Fuoss (12) has made an attack upon the theory of dipole- 
dipole interaction which would be necessary to calculate the change of 
apparent molal volume and heat capacity with concentration. He has 
obtained an expression for the contribution of the dipole moment to the 
free energy in terms of the parameter: 

X = (i^/a^DkT 

where n is the dipole moment, o is the atomic radius, D is the dielectric 
constant of the medium, k is Boltzmann’s constant, and T is the absolute 
temperature. He has reduced the general integral equation to a solution 
in two special cases: when x is very large (ionic pairs in a solvent of low 
dielectric constant) and when x is very small. Unfortunately, in the case 
of glycine x is about 2, and hence neither special case will fit. He has 
shown that, at least in the case where x is very small, the apparent molal 
heat capacity should be a linear function of the concentration, and that 
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its slope should be greater for the higher dipole moment, as we have found 
experimentally at low concentrations. A similar result can also be shown 
to follow for the apparent molal volume. His equation for the heat 
capacity, however, lacks the factor involving first and second temperature 
derivatives of the dielectric constant of the solvent which must enter in. 
Since the theoretical slope of the heat of dilution curve involves only the 
first derivative and is much less complicated, we hope to be able to develop 
the theory to a point where it can be compared with our studies of heats of 
dilution. 


SUMMARY 

We have measured the specific heats of aqueous solutions of glycine and 
of glycolamide at 5®, 25®, and 40®C., over a range of concentration from 
0,1 or 0.2 molal to the nearly saturated solution. We have calculated the 
apparent molal heat capacity of these solutes, and find that it is approxi- 
mately a linear function of the molality. The value at infinite dilution is 
about 27 cal. per degree per mole less for glycine than for glycolamide, 
and the slope is appreciably greater. 

We have measured the density of aqueous solutions of the same solutes 
at 25®C., from 0.1 molal concentration to the nearly saturated solution, 
and find the apparent molal volume is a linear function of the molarity 
over this range. The limiting value of the apparent molal volume of 
glycine is 12.96 ml. less than that of the uncharged isomer, and this may 
be taken as the value of the electrostriction of the solvent. The slope of 
the glycine curve is very much steeper than that of glycolamide. 

These observed differences are discussed in terms of the electrostriction 
and mutual interaction of the zwitter ions. 

The partial molal volumes and heat capacities of glycine and of glycola- 
mide are calculated as functions of the concentration and are presented in 
tabular form. 

It is a pleasure to acknowledge our indebtedness to Professor Cohn and 
Dr. Edsall for most of the materials used in this work; to Mr. Keko who, 
working on an N.Y.A. grant, prepared some of the glycine; to Professor 
Edgecombe for his advice and assistance in controlling the contamina- 
tion of our solutions; and to the Graduate School of Northwestern Uni- 
versity for a Research Grant to the senior author, which financed part 
of the assistance in this work. 
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1. INTRODUCTION 

The class of molecules whose interactions we are considering here is 
characterized by having at least one positively charged and one negatively 
charged group in the neutral isoelectric state. Under these circumstances 
they do not move with the current and are therefore not ions in the sense 
of Faraday. They are, however, oriented by an electric field by virtue 
of their large dipole moments and may for convenience be called dipolar 
ions. 

The simplest dipolar ion is glycine or aminoacetic acid. (Carbamic 
acid — aminoformic acid — does not exist in the free state in aqueous solu- 
tion, although certain of its salts are stable.) It contains a positively 
charged NHt group and a negatively charged COO"" group, separated by a 
CH 2 group. The distance of separation is something over 3 A. and the 
dipole moment therefore approximately 15 Debye units. 

Other dipolar ions may differ from glycine by the number of NHl 
groups, of COO"* groups, or of CH 2 groups. The latter may increase the 
distance of separation between the positively and negatively charged 
groups, and therefore the dipole moment of the molecule, or this may 
remain the same, as in all a-amino acids which differ from each other in the 
length and configuration of their paraffin side chains. Dipolar ions may, 
however, contain still other groups. Thus amino acids bound to each 
other in peptide linkage contain one or more CONH groups, and the 
moments of di- and tri-peptides are greater than those of the simple amino 
acids. Peptides may also have paraffin side chains, sulfhydryl or hydroxyl 
groups, or other configurations possessed by the amino acids of w hich they 
are constituted. 

Regardless of the complexity of their structure, the balance betw^een tw’o 
phenomena would appear to determine their behavior. Dipolar ions that 

^ Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society . 
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are small in comparison with their moments have lower activity coefficients 
in more concentrated solutions. In this they resemble most ions. The 
resemblance goes further, for the eflfect upon the activity coefficient is 
smaller per mole the higher the concentration. Dipolar ions whose vol- 
umes are large in comparison with their moments generally have activity 
coefficients that are greater than unity. Moreover, the logarithm of the 
activity coefficient is essentially linear in the concentration. In this the 
behavior of such dipolar ions resembles that of many uncharged molecules. 

The ratio of moment to volume thus renders the behavior of dipolar ions 
more comparable on the one hand to that of ions and, on the other, to that 
of uncharged molecules. This dichotomous behavior applies not only to 
the interactions of dipolar ions with each other but also to their interaction 
with ions. In early studies upon the solubility of amino acids in salt solu- 
tions (24, 23, 10) it was noted that neutral salts dissolved some amino 
acids and precipitated others. Among those dissolved was glycine; among 
those precipitated were leucine and tryptophane,— large amino acids which 
were ‘‘salted out.'" 

These solvent and precipitating actions of neutral salts had been noted 
with respect to the interaction of neutral salts and proteins long before 
they were noted for neutral salts and the amino acids of which proteins are 
constituted. In 1856 Denis noted that a fraction of the protein in blood 
was soluble in dilute salt solutions but not in water. In 1887 Hofmeister 
studied extensively the “salting-out^ ' of proteins by electrolytes. These 
effects of salt are far greater in the case of proteins than of smaller dipolar 
ions and were therefore observed earlier. In order, however, to under- 
stand the nature of the molecular configurations which lead to changes 
in the activity coefficients of dipolar ions, we shall consider first smaller 
molecules of known structure. 

II. SYSTEMS CONTAINING GLYCINE 

Olycine 

The influence of glycine in lowering the freezing point of aqueous solu- 
tions has been accurately investigated by Scatchard and Prentiss (28). 
Their results, calculated as activity coefficients at the freezing point, are 
given by the relation 

-log 7 = 0.09910m - 0.01584m2 (1) 

where m is concentration per 1000 grams of water. By means of the heat 
capacity and heats of dilution of Zittle and Schmidt (34) the above rela- 
tion,2 calculated by Scatchard for 25®C., yields 

-log 7 « 0.08366m - 0.01507m* (2) 

* Guckcr is investigating the heat capacities and the heats of dilution of glycine, 
alanine, and of certain related molecules, and his results when completed should lead 
to slight revision of these values. 
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The activity coefficients of glycine have also been determined by vapor 
pressure measurements by Smith and Smith (30) and by M. M. Richards 
(26), and their results are in good agreement as a first approximation* with 
the freezing point determinations of Scatchard and Prentiss (28), with 
which they are compared in table L 

TABLE 1 


Activity coefficients of glycine in aqueous solution at 25^C. 


QLTCINB CONCBNTRATXON 

DIBLBCTRXC 

rONSTANT 

D 

—LOO y 
(smith and 
SMITH (30), 
BY VAPOR 

prbssurb) 

— LOG y 
(RICHARDS 
(26), BY 
VAPOR 

pressure) 

—LOO y 
(scatchard 

AND PRENTISS 
(28),* BY FREBZ' 
ING point) 

—LOO y 

(calcu- 
lated t) 

m 

c 

tnoleM per 
tOOO grama 

molea per 
liter 






0.1 

0.099 

80.8 

0.0088 




0.2 

0.198 

83.0 

0.0168 




0.3 

0.296 

85.2 

0.0241 




0.4 

0.393 

87.4 

0.0315 



0.0326 

0.5 

0.489 

89.6 

0.0386 


0.0381 

0.0395 

0.6 

0.585 

91.7 




0.0460 

0.7 

0.679 

93.8 

0.0516 




0.8 

0.773 

96.0 




0.0578 

1.0 

0.958 

100.1 

0.0685 

0.0686t 

mSmM 

0.0684 

1.2 

1.140 

104.2 

0.0768 


■Bfl 


1.4 

1.318 

108.3 1 





1.5 

1.406 

110.3 

0.0883 




1.6 

1.494 

112.2 




0.0939 

1.7 

1.580 

114.2 

0.0964 




1.8 

1.666 

116.1 





2.0 

1.836 

120.0 

0.105 




2.2 

2.002 

123.7 


0.113 


0.113 

2.4 

2.166 

127.5 


0.119 


0.118 

2.5 

2.247 

i 129.3 

0.119 



0.121 

2.6 

2.327 

131.1 


0.124 


0.123 

2.8 

2.485 

134.7 


0.128 


0.128 

3.0 

2.640 

138.3 

0.130 

0.133 


0.132 

3.2 

2.793 

141.8 


0.136 


0.135 

3.3 

2.869 

143.5 

0.137 



0.137 


* Calculated for 25°C. by means of equation 2. 

t Calculated by means of the aquation: —{log y)/C =* {Do/D) — Kj, where 
« 0.100 and K* - 0.007. 

X This value is assumed equal to that of Scatchard and Prentiss at the same tem- 
perature and concentration (see reference 26, page 733). 

There are several qualitative observations that may be made regarding 
these data: (a) as in the case of most electrolytes, the activity coefficients 
are less than unity; (6) unlike the case of electrolytes, —log y varies in 

* See second footnote to table 1. 
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dilute solution with C and not with its square root; and (c) the ratio 
— (log 7 )/ C does not remain constant but diminishes with increasing concen- 
tration. 


Glycine and asparagine 

Glycine cannot be investigated in aqueous solutions by the solubility 
method. Most other a-amino acids are less soluble, but their paraffin side 
chains introduce strong repulsive forces to be considered subsequently. 
Asparagine is, however, an a-amino acid of low solubility and with no 
exposed CHs group. Moreover, the terminal group contains the CONH 
group, characteristic of the peptide linkage. Ammonia can be split from 
this group of asparagine and of the closely related glutamine in acid solu- 
tion (1, 25), and the concentration of these amides in systems containing 
other amino acids can thus readily be investigated either by titration or by 
Nessler determination of the liberated ammonia. 

The purification of asparagine offers some difficulty, as has been noted 
by several investigators (see, for instance, reference 29, page 489). As- 
partic acid is usually present as an impurity and is best removed by carry- 
ing out the crystallizations at pH 6. Under these conditions salts of 
aspartic acid that are either present or formed during the processes of 
purification remain in the filtrate. 

The asparagine used in these experiments was crystallized once from 
water and twice from 50 per cent ethanol. After drying in a desiccator to 
constant weight, it contained one molecule of water of crystallization. 
A saturated aqueous solution had a pH of 5.4, which is close to the iso- 
electric point as calculated from the dissociation constants, and the con- 
ductivity was 7 X 10“* reciprocal ohms. Our preparations gave the theo- 
retical value for amide nitrogen, namely, 9.33 per cent. 

The solubility of asparagine was determined by the method of Pucher, 
Vickery, and Leavenworth (25). It was found necessary to increase the 
time of heating in acid to 20 hr. under the conditions of our experiments. 
Following our usual procedure (6), analyses were made after successive 
equilibrations of solvents with asparagine for approximately 24 hr. until 
the saturated solutions gave the same solubility for at least three successive 
days. 

Most amino acids increase the solubility of asparagine, and the activity 
coefficients of the asparagine calculated from such measurements are given 
in table 2. The solubility increased from 0.184 mole per liter in water to 
only 0.192 in 1.5 molal alanine and decreased to 0.170 mole per liter in 
1.5 molal of-aminobutyric acid. The greatest change in solutions of these 
two amin o adds thus never exceeded 5 per cent, or approximately ten 
times the experimental error, whereas the same concentration of glycine 
increased solubility by more than 20 per cent. The results relating glycine 
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and asparagine have been plotted in figure 1 and compared with the various 
studies by freezing point and vapor pressure methods of the activity co- 
efficient of glycine. 


TABLE 2 


Solubility of Uasparagine in aqueous amino acid solutions at 25 °C. 


AlllNO ACID 
CONCBTRA- 
TION 

Ci 

DENSITY OP 
SOLUTION 

P 

DIELBCTBIC 
CONSTANT OF 
SOLVENT 

D 

SOLUBILITY OF /-ASPARAQTNB 

LOG N/No 
(observed) 

1 

LOG N/No 
(calculated) 

c. 

N 1 

/-Asparagine in water 

molet per Itter 



molee per liter 

mole fraction 


1 

0.0 

1.00714 

78 5 

0.184 

0.00336 



/-Asparagine 

in glycine. 

a * 22.6; K 

* = 0.094; K* = -0.006 

0.25 

1.01544 

84 2 

0.194 

0 00357 

0.026 

0.023 

0 50 

1 02336 

89.8 

0 199 

0.00370 

0.042 

0.044 

1.00 

1.03886 

101 1 

0 211 

0.00397 1 

0 073 

0.079 

1.50 

1.05383 ! 

112 4 

0.225 

0 00430 

0 107 

0.108 

2.00 

1.06861 

123.7 

0.231 

0.00449 1 

0.126 

0.132 

2.80 

1.09080 

141.8 

0 247 

0.00494 

0.167 

0.163 

/-Asparagine in diglycine. 

S = 70.6; Kg = 0.136; 

K* = -0.029 

0 25 

1.02164 

1 96 2 

0 196 

0 00364 

1 0 035 

0.035 

0.50 

1.03508 

113.8 

0.201 

0 00380 

0.054 

0.061 

1.00 

1.06120 1 

149.1 

0.218 

0 00425 

0.102 

0.101 

1.40 

1.08170 

177.4 1 

1 

0.224 

0 00449 

0.126 

0.125 

/-Asparagine in lysylglutamic acid. 6 = 345; /vjj = 0 

150; K: = - 

- 0 075 

0.098 

1.01762 

112.4 

0.186 : 

0.00346 

! 0.018 

0 018 

0.192 

1.02780 

144.8 

0.189 

0 00356 

0.030 

0 030 

/-Asparagine in alanine. 

S = 22.6; Kg = 0.094; 

K* = 0.033 


0.25 

1 .01436 

84 2 

0.188 

! 0.00347 

0 014 

0.014 

0.60 

1 02132 

89.8 

0.191 

0.00357 

0.026 

0.025 

1.00 

1.03490 

101.1 

0.192 

0.00368 

0.040 

0.040 

1.50 

1.04788 

112.4 

0.192 

0.00375 

0.048 

0.049 


/-Asparagine in a-aminobutyric acid. 6 = 22.6; K’^ *= 0.026; K* = 0.012 


0.25 

1.01382 

84.2 

0.182 

0.00338 

0.003 

0.003 

0.50 

1.02025 

89.8 

0.180 

0 00339 

0.004 

0.005 

1.00 

1 03347 

111.1 

0 178 

' 0 00346 

0 013 

0 008 

1.50 

1 04591 

112.4 

0 170 

0 00342 

0 008 

0 009 


At low concentrations the interaction of glycine with glycine and of 
glycine with asparagine would appear to yield almost identical activity 
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coefficients/ The large size of the asparagine molecule does not appre- 
ciably diminish this effect, which might thus be thought to depend largely 
on the moments of these two dipolar ions. Both are a-amino acids, and 
the influence in increasing the ffielectric constant of the solution due to 
glycine is reported to be somewhat larger than the comparable dielectric 
constant increment of asparagine, being 22.6 for glycine (33) and 20.4 for 



Glycine Concentration 

Fio. 1. Dipolar ions in glycine solutions. O, glycine (Richards); glycine 
(Scatchard and Prentiss); 3, glycine (Smith and Smith); asparagine; 0, cystine; 
0, hemoglobin (Richards). 

asparagine (14), according to Wyman. This difference would appear to be 
greater than the experimental error and might be ascribable to the orienta- 

^ In other, refipects also the physical chemical behavior of glycine and asparagine 
are superficially similar. Thus the change in free energy with change in solvent 
from water to ethanol at 25^C* of these two dipolar ions (6, 20) is almost identical ; the 
values of log Na/N^ for glycine and asparagine are, respectively, *-8.391 and -*3.402. 




INTERACTIONS BETWEEN DIPOLAR IONS 


176 


tion of the terminal amide group with respect to the dipolar ion moment, 
thus diminishing the total moment. The influence of glycine in diminish- 
ing the activity coefficient of asparagine is, however, not smaller but 
somewhat greater than the comparable effect of glycine upon glycine 
(figure 1). No correction has been made for the interaction of asparagine 
upon asparagine or for the influence of asparagine on the dielectric constant 
of the solution, though the solubility of asparagine is not completely 
negligible. 

At higher glycine concentrations especially, the decrease in the activity 
coefficients of asparagine is greater than for glycine, suggesting the im- 
portance and desirability of further and more detailed comparative studies 
of dipolar ions which have nearly the same moments but the difference in 
whose volumes is not dependent on paraffin side chains. 


Glycine and cystine 

The interaction of glycine and the tetrapole cystine has been studied 
both in the presence and in the absence of electrolytes (4). The influence 
of one dipolar ion in decreasing the interaction between ions and the other 
dipolar ion has been stressed previously. In the present communication 
we are concerned rather with interaction between dipolar ions, and the 
logarithm of the activity coefficient of the cystine in the presence of varying 
concentrations of glycine is graphically represented in figure 1. Com- 
parison of the curve for cystine with that for asparagine or glycine in glycine 
solutions indicates that the largest factor in determining interaction between 
dipolar ions, as between ions and dipolar ions, is the magnitude of their electric 
moments. 

Cystine contains two positively charged ammonium groups, each in the 
a-position to a negatively charged dissociated carboxyl group. Differ- 
ently stated, each molecule contains two configurations, each identical 
with that of glycine, asparagine, and other a-amino acids, the two 


H 


. / 

+H,N— C— C ■ 

i \ 


0 


0 


groups being connected by sulfur-sulfur linkage. Assuming free rotation 
between the 

— C— C— S— S— C-C— 


atoms which separate the two dipoles, the moment of each of which may 
be considered as approximately 15 Debye units, the moment of the cystine 
would be double this, or 30 Debye units, were the dipoles parallel, or aero 
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were they anti-parallel. From the interaction of cystine and neutral salts 
(21) it was concluded that the moment was somewhat smaller than if the 
dipoles were parallel but somewhat greater than could be expected on the 
basis of free rotation, and was tentatively placed between 23 and 28.5 
Debye units. From the interaction of csrstine and glycine another es- 
timate of this moment could be deduced were the theory for the interaction 
of dipolar ions completely satisfactory. 

Glycine and hemoglobin 

A beautiful study of the influence of glycine on the solubility of hemo- 
globin has been reported within the year by M. M. Richards (26). The 
logarithms of the solubility ratios of hemoglobin reported by this investiga- 
tor are plotted in figure 1 against the glycine concentrations as abscissa, 
without correcting for the influence of the hemoglobin upon the dielectric 
constant of the solution. The solubility of hemoglobin in the absence of 
glycine in these experiments varied from 13.9 to 17.8 g. per 1000 grams of 
water to over 60 g. per 1000 grams of water in 1 .5 molal glycine. Since the 
dielectric increment per gram of hemoglobin may be taken as 0.33 (22), the 
dielectric constants of the saturated solutions were appreciably influenced 
by the protein as well as by the glycine. This effect had previously been 
considered with respect to the studies of Green (13) on the interaction of 
hemoglobin with sodium chloride in aqueous solution (3). Correcting for 
it would yield still greater estimates of activity coefficients due to Coulomb 
forces. 

The curves relating —log y and glycine concentration are very similar 
for the dipolar ions glycine and asparagine, for the tetrapolar ion cystine, 
and for the multipolar protein hemoglobin. In these studies the greater 
the interaction the greater the moments of the molecules. Thus the dipole 
moment of glycine and asparagine may be taken as 15, that of cystine as 
27, and that of hemoglobin as 500 Debye units. These interactions are, 
as a first approximation, proportional to the first power of the moment, 
whereas theoretical considerations have suggested (12, 17) that they should 
be proportional to a higher power and diminish with increase in volume of 
the molecule on the basis of models which, it is true, cannot be expected 
satisfactorily to reproduce all the characteristics of dipolar ions. 

In solutions of high dielectric constant the “salting-out” effect must also 
be considered in dipole-dipole interactions. This should be greater the 
greater the volume of the solute molecules, and lead to a larger correction 
for hemoglobin than for cystine, for cystine than for asparagine, and for 
asparagine than for glycine. This correction cannot, however, be made 
merely on the basis of the volume of the dipolar ion, but must take into 
account whether the side chains of the molecules are polar groups, as in the 
case of asparagine, or non-polar paraffin side chains, as in the case of 
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alanine, many other a-amino acids, and therefore many of the side chains 
of proteins. 


III. SYSTEMS CONTAINING ALANINE 

The electric moments of glycine and alanine arc presumably identical, 
since alanine differs from glycine only by substitution of a hydrogen for a 
methyl group. The volume of the molecule is thus larger by one CH* 
group or by 16.3 cc. per mole (5) and the center of the dipole is presumably 



Fig. 2a. Dipolar ions in alanine solutions. 0, cystine; asparagine; Or alanine 
Fig. 2b. Dipolar ions in a-aminobutyric acid solutions. cystine; asparagine; 

O, a-aminobutyric acid 


farther from the center of the molecule than in the case of glycine (3, 18, 2). 
Interaction between alanine molecules has now been studied by measure- 
ments both of vapor pressure (31) and of freezing point (18). The vapor 
pressure measurements of Smith and Smith (31) are plotted in figure 2. 

Whereas the activity coefficients of glycine, like those of electrolytes, 
are smaller than unity in dilute solution, those of alanine are greater. 
Moreover, — (logy) /(7 is independent of alanine concentration,® having a 

• Smith and Smith (30, 31) report concentration as grams per 1000 grams of water, 
w, and the ratio — (logr)/wi, calculated from their results, diminishes with increase 
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value of —0.011, as compared with a value for glycine (figure 1) which (a) 
is opposite in sign, (b) is nearly ten times as great as for alanine, and (c) 
diminishes with increase in concentration. If the effect for glycine is 
ascribed to the dipole moment of its molecules, then that for alanine must 
be ascribed to large repulsive forces due to its non-polar groups in aqueous 
solution. This effect is far greater if the side chain of an a-amino acid is an 
ethyl group, as in a-aminobut 3 rric acid (figure 2b), and still greater if the 
paraffin chain is still longer, the slopes —(log y)/C being —0.011 for di- 
alanine (figure 2a), —0.043 for di-a-aminobutyric acid (figure 2b), and 
—0.047 for di-a-aminovaleric acid. Clearly the effect does not continue to 
increase at the same rate with further increase in the length of the paraffin 
side chain. It would appear to be somewhat greater for branched than 
for straight paraffin chains,® according to the measurements of Smith and 
Smith (31), since the limiting slope is —0.054 for a-aminoisobutyric acid 
and —0.064 for di- valine. 

The salting-out effect due to interaction between amino acid molecules 
with paraffin side chains is far greater than can be accounted for in terms of 
the volume of the molecules. The apparent molal volume of a-aminoiso- 
butyiic acid is 78.1 cc., or almost identical with that of asparagine, 78.0 
cc., and that of valine is still greater, 91.3 cc. (5). Regardless of size, all 
the molecules with methyl groups have activity coefficients greater than 
unity in their aqueous solutions— and presumably also in the presence of 
each other — whereas the activity coefficients of asparagine are less than 
unity in alanine solutions. Solubility studies on the basis of which these 
activity coefficients are calculated are reported in table 2 and graphically 

in concentration. The concentration as moles per liter, C, has been estimated from 
the relation 

m « 1000C/(1000 - ^(7)997.08 

where the apparent molal volume is 43.25 + 0.83(7 for glycine, 60.6 + 0.60(7 for 
alanine, and 76.6 for «-aniinobutyric acid (7). The ratio — (log7)/(7 yields salting- 
out constants independent of concentration for these amino acids. 

* The change in free energy in the transfer from water to ethanol is also greater 
for branched-chain than for straight-chain amino acids. This is most readily demon- 
strated by adding the same increment 0.49 (Ki in equation 3) for each CHt group. 



log N/N« 

\ogN/N9 + 
0.49mchj 

Glycine 

-3.391 

-3.391 

Alanine 

-2.856 

-3,346 

oe-Aminobutyric acid 

-2.375 

-3.356 

a-Aminocaproic acid 

-1.414 

-3.374 

Valine 

-2.168 

-3.628 

Leucine 

-1.622 

-3.682 


the average of (log N/N^ + 0.49McBt) being —3.37 for the straight-chain and —3.61 
for the branched-chain a-amino acids. 
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represented in figure 2a. The limiting solvent slope of alanine upon 
asparagine may be taken as approidmately 0.06 or far less than that for 
glycine. 

IV. SYSTEMS CONTAINING a-AM I NO BUTYRIC ACID 

Comparison of figures 1, 2a, and 2b reveals the influence of each addi- 
tional CH2 group upon the interactions of a-aniino acids and other dipolar 
ions. Whereas the activity coefiicients of glycine and of asparagine in 
glycine are closely similar (figure 1), the small solvent actions of alanine 
upon cystine and asparagine may be contrasted with the salting-out effect 
of alanine on alanine. For c^-aminobutyric acid these effects are still 
greater. All activity coefficients tend to become less negative or more 
positive, and cystine in a-aminobutyric acid show^s the type of curve it 
exhibits in solutions of sulfates (21, 3) and that is characteristic of many 
proteins where decrease in activity coefficient in dilute solution is followed 
by directly observable salting-out effects in more concentrated solution.^ 

V. SYSTEMS CONTAINING ASPARAGINE 

Terminal non-polar groups on interacting molecules have the opposite 
effect to that due to their electric moments. Thus alanine, a-aminobutyric 
acid, and valine have activity coefficients greater than unity in aqueous 
solution. On the other hand, alanine (figure 2a) and a-aminobutyric acid 
(figure 2b) diminish but do not reverse the effect due to their dipole mo- 
ments in their interactions with asparagine. As a first approximation the 
CH2 group possessed by alanine but not by glycine diminishes (table 2) 
— (log y)/C by approximately 0.04 and the additional CH2 group of 
a-aminobutyric acid by something over 0.04 with respect to alanine (figure 
2b) or a total of nearly 0.09 with respect to glycine. 

VI. SYSTEMS CONTAINING CYSTINE 

The interactions not only of glycine and alanine but of a-aminobutyric 
acid and valine with cystine have also been studied by the solubility 
method (table 3). Here also the effect of increasing the length of the 
paraffin side chain is to diminish the solvent action of the a-amino acid. 
Taking the limiting slope of cystine and glycine (figure 1) as 0.23, of alanine 
(figure 2) as 0.16, of a-aminobutyric acid as 0.10, and of dZ- valine as 0.06, 
there would appear to be a nearly constant effect of each CH 2 group in diminish- 
ing the solvent auction of dipolar ions of slightly less than 0.07 in —{logy)/C. 
It is thus possible that in the interactions of large molecules of high moment 
a decrease in — {log 7) /C of approximately 0.07 may be expected for each non- 
polar CHz group in paraffin side chains. 

Opposite in direction to the effect of paraffin side chains, in diminishing 

^ Hemoglobin exhibits this effect in the most concentrated glycine solutions ( 26 ). 
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TABLE 3 


Solubility of cystine in aqueous amino acid solutions tU tS^C. 


Allliro ACID 
COMC1X9TBA- 
TICK 

Ct 

DENsrrr of 

ftOLimON 

p 

DtXLBCTBXC 
CONCrrAMT OF 
SOLTBMT 

D 

SOLUBILITY OF CT8TIKS 

LOO NfNt 
(observed) 

LOO N/Nt 
(calculated) 

Ct 

N 

Cystine in water 

melts per littr 



moles per lUer 

molt fraction 



0.0 

0.9972 

78.5 

0.000454 

0.00000820 




Cystine in glycine. 1 

t - 22.6; Kh - 0.293; K. 

- 0.007 


0.1 

1.0020 

80.8 

0.000478 

0.00000865 

0.023 

0.022 

0.26 

1.00512 

84.2 

0.000618 

0.00000942 

0.060 

0.062 

0.5 

1.01279 

89.8 

0,000558 

0.0000102 

0.095 

0.095 

1.0 

1.02801 

101.1 

0.000632 

0.0000117 

0.154 

0.161 

1.6 

1.0422 

112.4 

0.000701 

0.0000132 

0.207 

0.207 

2.0 

1.05755 

123.7 1 

0.000743 

0.0000142 

0.238 j 

0.238 

2.8 

1.08033 

141.8 

0.000779 

0 0000152 

0.268 

0.267 


Cystine in diglycine. 

a « 70.6; 

Kr - 0.380; 

K, - 0.0 


0.26 

1.01097 

96.2 

0.000532 

0.00000976 

0.075 

0.078 

0.6 

1.02446 

113.8 

0.000597 

O.OOOOlU 

0.131 

0.131 


1.07164 j 

197.4 

0.000711 1 

0.0000140 

0.232 

0.235 

Cystine in urea.* Kn = 0.085; K» « 0.0 

1.0 

1.0133 

81.3 

[ 0.000536 

0.00000994 

0.083 

0.082 

2.0 

1.02852 

84.0 

0.000622 

0.0000119 

0.162 

0.156 


Cystine in d2-alanine. 

8 - 22.6; Kb - 0.293; K. - 0.136 


0.25 

1 00431 

84.2 

0.000495 

0.00000904 

0.042 

0.033 

0.6 

1.01139 

89.8 

0.000513 

0.00000947 

0.062 

0.060 

1.0 

1.02629 

101.1 

0.000532 

0.00001004 

0.088 

0.092 

Cystine in a-aminobutyric ?.cid. d » 22.6; Kr « 0.293; Kg =» 0.191 

0.25 

1.00408 

84.2 

0.000474 

0.00000869 

0.025 

0.021 

0.5 

1.01082 

89.8 

0.000475 

i 0.00000884 

0.032 

0.033 

1.0 

1.02435 

101,1 

0.000461 

0.00000884 

0.032 

0.037 

1.5 

1.03764 

112.4 

0.000442 

0.00000875 

0.028 

0.021 


Cystine in d/- valine. 

8 - 22.6; Kr - 0.293; K, - 0.234 


0.25 

1.00382 

84.2 

0.000454 

0.00000835 

0.008 

0.010 

0,5 

1.01046 

89.8 

0.000453 

0.00000849 

0.015 

0,011 


* Values for D are taken from Wyman (32). 


the interactions between dipolar ions in aqueous solution, is the influence of 
their electric moments. For cystine, as for asparagine, the solvent action 
is greater for diglycinc than for glycine. For urea, with a moment of 
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approximately 5.1 Debye units (9), the very definite solvent action is less 
than for glycine. Moreover, as a first approximation the change in free 
energy of interacting dipolar ions without paraffin side chains would appear 
to be proportional to the first power of their moments. 

VII. DISCUSSION 

In considering the influence of various solvents upon the change in free 
energy of dipolar ions we have previously employed (6) the extensions of 
Debye^s treatment for ions to the case of dipolar ions of Scatchard and 
Kirkw^ood (27) and of Kirkwood (16). Whether the shape of the dipolar 
ion be considered to be that of a dumb-bell, of a sphere, or of an ellipsoid, it 
appears that an additional term is required to account for the influence of 
the various groups of the dipolar ions. The change in free energy due to 
electrostatic forces {Fe — ^^) can be estimated from the observed activity 
coefficients, even as a first approximation, only after correction for the 
effects of these groups. An equation was therefore tentatively adopted 
with the form (6) 

P, - K= -2.303fcT (log iV/JVo - A'l) = Aj {\/D - l/Z)o) (3) 

in which Ki is a constant related to non-electrostatic forces. Ki has been 
shown to increase in series both of a-amino acids and of hydantoic acids 
for each additional CH 2 group in paraffin side chains ending in methyl 
groups by 0.23 for the transfer from water to formamide, by 0.44 to meth- 
anol, by 0.49 to ethanol and acetone, and by 0.53 to butanol and heptanol 
(3, page 245). If the values for Ki be divided by the numbers of moles 
per liter in the pure non-aqueous solvents, these increments for each 
additional CH 2 group become 0.0092 for the transfer to formamide, 0.0179 
to methanol, 0.0287 to ethanol, 0.0362 to acetone, 0.0487 to butanol, and 
0.0751 to heptanol. 

If we multiply (1/D — 1/Do) by — Do/5, we have 

- l/Z)o) = {.D,/D){D - Do)/S (4) 

The quantity 5 in the above expression is the dielectric constant increment, 
defined by the relation 5 == (Z) — Do)/C, which has been proven to hold 
for most dipolar ions by Hedestrand (15), Devoto (8), Wyman and McMee- 
kin (33), and others. For the interaction between dipolar ions it will be 
more convenient to substitute for {D — Do)/ 5 in the last equation the 
concentration, C, in moles per liter of the dipolar ion. The change in free 
energy due to electrostatic forces can therefore conveniently be written 
for interactions involving dipolar ions in the form 

-(P. - PJ)/2.303fcr = log N/No + K*.C = KliDo/D)C (5) 
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in which the salting-out constant is equal to — Ki/C and 

Kl = Kih/2.‘mDlkT 

On the basis of the above equation the logarithm of activity coefficients 
between dipolar ions should be linear in {Dq/D)C in cases where the salting- 



03 07 03 


Do/d 

Fig. 3. Plot of -(log^VC against D»/D. O, hemoglobin (Richards) ; •, cystine; 
®, glycine (Richards); 9, glycine (Scatchard and Prentiss) ; €, glycine (Smith and 
Smith); O, a-lA-ninn (Smith and Smith); O, a-aminobutyric acid (Smith and Smith). 

out term is ^all. This is closely true for the interaction between 
asparagine and glycine (table 2) and between cystine and diglycine 
(table 3). In other cases, if this equation be valid and (log N/No)/C be 
plotted as ordinate against Do/D as abscissa (figure 3), extrapolation to tihe 
point where Do/D equals unity should yield (Xj — K*). The difference 
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Constanta for the interaction of dipolar ions 
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between this value and that where Do/D equals 0.5 should yield 
In this way estimates of K% and K* for each interaction can be obtained, 
provided the experimental points fall on a straight line when plotted in this 
manner. Certain of the measurements reported are analyzed in this way 
in the final two columns of table 4. The limiting value of the slope, 
— (log y)/C, at zero concentration is conveniently given by — K\, 

Theoretical calculations 

Scatchard and Kirkwood have extended the treatment for the change 
in free energy with change in dielectric constant of the solvent to the case 
of dipolar ions (27). Considering a dipolar ion as made up of two spheres 
of radius b separated by a distance /?, with a charge €Z in one sphere 
and -~€Z in the other, they evaluate {Pe — F])/{l/D — 1/Do) as 
( 1/6 ^ 1/R), 

If we assume the last expression gives Xs in equation 3, or 2.303Do 
kTKhjSy where Kr is analogous to the experimental Kr in equation 5, 
then when the solubility of a given dipolar ion is influenced by different 
substances, Kr should increase directly with the dielectric constant in- 
crement, 5. 

In order to test this equation we have tentatively assumed that ii for 
glycine and all a-amino acids is 3. 17 A. Considering glycine to be a sphere 
of radius 2.82 A. and the center of the dipole to be at the center of the 
molecule, the charges would be 1.24 A. from the edge of the molecule (3, 
page 264). Taking 6 as 1.24 A. throughout, values of Krj estimated on this 
^'dumb-bell model,'^ are given in column 6 of table 4. 

This model does not allow for the volume occupied by parts of the mole- 
cule not situated between the charged groups. Kirkwood has developed a 
spherical model (16) within which any number of charges is located. The 
general expression for the change in free energy with the dielectric constant 
of the medium is in the form of an infinite series. However, for the special 
case of two charges equidistant from the center, an explicit summation 
has been made (2, equation 21). Taking the values of the radius 6, given 
in column 3 of table 4, and assuming the distance of the charges from the 
edge to be 1.24 A., as before, values of Kr have been calculated® and listed 
in column 7. Here too Kr should, according to the theory, be propor- 
tional to 6. 

In both these theoretical treatments the dipole molecules whose activity 
coefficients are considered are supposed to be surrounded by a structureless 
dielectric continuum, in which the presence of other dipolar ions increases 
the dielectric constant, their molecular structure being ignored. This pic- 
ture may be replaced by one somewhat more detailed, which considers 

^ For hemoglobin the two charges were taken as 2e and —26, respectively, consis- 
tent with the dipole moment of 600 (22) and R * 61.6 A. (see Ferry, Cohn, and New- 
man: J. Am. Chem. Soc. 60, 1480 (1938)). 
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molecular interaction of pairs of dipolar ions immersed in a supposedly 
continuous medium with the dielectric constant of the pure solvent. Here 
the greater complexity of the treatment has led to a simpler model for the 
dipolar ion. In the development of Fuoss (11, 12) the molecule is repre- 
sented by a sphere of radius b with a point dipole at the center.® Following 
Fuoss, the interaction constant of a dipole species i in the presence of an 
excess of a species k in water at 25®C. is given by 

- (\ogy i)/Ck = 3.69 X 10-V.m*^(x) (6) 

where iu< and are the moments of the two dipoles in Debye units and B{x) 
is a function given by Fuoss (12, table 2), where 

X = 0.706M»Mife/(fci + bkY 

and bt and bk are the radii of the two dipoles. Here both x and as 
given by Fuoss, have been multiplied by the factor 9/4, in accordance with 
the correction of Kirkwood (17, 18) for the case that the dielectric constant 
of the cavities represented by the molecules is small compared with that 
of the surrounding solvent. 

Dipole interaction has been calculated by means of the above equation 
for the molecules that have been investigated, using the values of m and b 
given in table 4. These values of Xj* are listed in column 8. 

In order to account for the salting-out effect in dipole-dipole interaction, 
Kirkwood (18) has suggested for the same spherical model an equation 
of the form 

2(6< + 6*y» ^''•*** 

which for water at 25°C. becomes 

K. = [3.82 X 4- M (8) 

Values of X, calculated on the basis of this equation are listed in column 9, 
and the differences Xr — X„ representing theoretical limiting slopes, are 
in column 10 of table 4.^® 

Comparison of theory with experiment 

These various calculations may now be compared with the experimental 
limiting slopes in column 11 of table 4. The only cases in which there is 

* This simple model may be also used in the calculation of the change of free 
energy with dielectric constant ; it yields values of Kr somewhat smaller than those 
in column 7, owing to suppression of terms in the multipole moments which are in- 
cluded in the two-charge model of Kirkwood. 

An alternative molecular model suggested by Kirkwood (18) for calculations of 
interaction of elongated dipoles is that of a rod joining two charges. The interaction 
constant Kr for water at 26®C. is 0.167/2s (1 — Rt/ZRi)t where Ri and R% are the larger 
and smaller dipole distances, respectively, of the two species of dipolar ions. This 
yields for Kr a value of 0.35 for all a-amino acids, — a figure far higher than estimated 
for spherical dipoles, owing to neglect of molecular volume. 
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even approximate agreement with the Bom-Fajans treatment are those of 
csrstine in urea and hemoglobin in glycine. In each of these systems the 
molecule whose solubility is measured is large compared with the other 
dipolar ionic species, so that the merging of the latter in a continuous 
medium, assumed by the theory, is more closely approached. In all other 
systems investigated the calculated values are many times larger than those 
observed, the discrepancy being greater for the dumb-bell than for the 
spherical model. 

Corrected or uncorrected for the salting-out effect, the model for inter- 
action between spherical molecules with dipoles at their centers gives far 
smaller results, more nearly of the order of the experimentally observed 
limiting slopes (column 11). Two types of discrepancy are apparent. 
For the activity coefficients of glycine, asparagine, cystine, and hemoglobin 
in glycine, diglycine, and lysylglutamic acid, the calculated limiting slope 
is too small; presumably the dipoles are mutually accessible to a greater 
extent than represented by the model. On the other hand, for the activity 
coefficients of a-amino acids with paraffin side chains and for asparagine 
in a-aminobutyric acid, the calculated limiting slope is too large; pre- 
sumably the repulsive effect of the side chains is greater than the niodel 
represents. 

While the agreement of the different theoretical approaches with experi- 
ment is nowhere satisfactory, the nature of the discrepancies suggests that a 
much better representation of the facts may be obtained by extending the 
treatment of dipole-dipole interaction to molecular models of a more de- 
tailed and specific structure. 

Condusions from experiments 

The experimental data give the opportunity of making certain further 
generalizations. Thus the observed activity coefficients are in some cases 
less, in others greater, than unity. Those calculated (columns 6 to 10) 
are, however, all less than unity regardless of which model is considered, 
except in the case of cystine in urea (column 10). Here, however, 
the observed limiting slope is positive and is given satisfactorily as a first 
approximation, as we have seen, by the Bom-Fajans treatment. 

Thus the activity coefficients of alanine, a-aminobutyric acid, and 
a-aminovaleric acid are most readily described in terms of the salting-out 
constant K*, having the values listed in the last column of table 4. Large 
values of K* have been observed in aU interadions in which one or both dipolar 
ions have paraffin side chains, and the values of K* are, moreover, of the 
same order of- magnitude as for the transfer to non-aqueous solvents. 

In contrast to the influence of the parafiin side chain upon K* is that 
of an amide or peptide group. We have estimated that was dose to 
zero in the interaction between glycine and asparagine on the basis of 
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equation 5, and asparagine has an amide group. has also been esti- 
mated to be zero for the interaction of diglycine and cystine, and diglycine 
contains the peptide linkage. In the interaction between asparagine and 
diglycine, or asparagine and lysylglutamic acid, where amide and peptide 
groups are constituent parts of both interacting dipolar ions, K* appears to 
have a sign opposite to that observed for the other dipolar ions investigated. 
This is reminiscent of studies upon such molecules as succinic acid (19), 
for which a linear relationship between ^‘salting-in^^ by certain electrol 3 rtes 
and the concentration has been observed. 

The moments for glycine, diglycine, and lysylglutamic acid are 15, 26, 
and 69 Debye units, respectively. The observed limiting slopes for the 
interaction of asparagine with these three dipolar ions may be taken as 

0.10, 0.17, and 0.23. Thus Kr increases by less than the first power of the 
moment. The interaction of cystine has been studied with urea, glycine, 
and diglycine, and their moments may be taken as 5.1, 15, and 26, or 
roughly as 1 is to 3 is to 5. The observed limiting slope for urea, 0.088, 
is less than a third smaller than that for glycine, and that for diglycine, 
0.380, is less than five times that for urea. As in the case of interactions 
with asparagine, interactions between the dipolar ions that have been investi- 
gated indicate that change in free energy with change in moment increases by 
slightly less than the first power of the products of the moments, 

VIII. SUMMARY 

1. Interactions between dipolar ions in aqueous solution are considered. 

2. The activity coefficients of glycine in aqueous solution are approxi- 
mately given by the equation 

- (log 7 )/C = Kl{D,/D) - 

where = 0.10 and K* = 0.007 at 25®C. 

3. The activity coefficients of a-amino acids with paraffin side chains are 
all greater than unity, and are given by the equation 

(logT)/^ = K* 

where K* is equal to 0.011 for alanine, 0.043 for a-aminobutyric acid, and 
0.047 for a-aminovalcric acid. 

4. The activity 'coefficients of asparagine, an a-amino acid whose side 
chain terminates in an amide group, are less than unity in solutions of the 
other amino acids and peptides studied. In glycine K%, in the above equa- 
tion, is 0.094, and , is — 0.006 ; in diglycine and peptides of larger moment, 
though K% is greater, K* also appears to be negative. 

5. The double dipole, cystine, has both a larger moment and a larger 
volume than the other o-amino acids investigated, and its activity co- 
efficients in glycine are given by putting K% equal to 0.293 and K*, to 0.067. 



188 


COHN; MCMKEKIN; FERRY AND BLANCHARD 


In the presence of other dipolar ions K% is greater if their dipole moment is 
greater, and K* is greater if they contain paraffin side chains. 

6. In the interactions of C3rstine and other dipolar ions, K% appears to 
vary more nearly with the first than with the second power of the moment. 

7. The observed limiting slopes are compared with calculations based 
on various modeler for dipolar ions. 
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In the electrostatic theory of crystals and liquids the existence of an 
additive lower bound for the electrostatic energy is generally taken for 
granted as a very trivial matter, and it does not appear that a rigorous 
proof, even for a simplified model, has ever been attempted. For an 
assembly of ions or even electric dipoles, a computation of the Coulomb 
energy by direct summation meets with considerable difficulty because the 
convergence is conditional at best, and the sequence of summation must be 
considered with some care even in the case of a perfect crystal lattice. 
However, it is easy to show that for no assembly of ions is there an additive 
upper hound for the energy : Consider the cations stacked in one pile, and 
the anions in another! 

The idea of a lower bound for the electrostatic energy per se cannot be 
separated from tlie assumption of a closest distance of approach between 
the centers of charges. We shall therefore restrict our considerations to 
‘ffiard billiard bair' models of molecules and ions, and attempt no more 
refined representation of the short-range repulsive forces. There need be 
no restriction as to the shape of the ‘‘billiard balls'^; only the hardness is 
essential, and the particles may have a dielectric constant, or even more 
general assumptions about their polarizability are admissible. 

To obtain a lower bound for the electric energy of an assembly of such 
particles, let us imagine that we have on hand a large quantity of a con- 
tinuous conducting fluid. According to electrostatics, the energy released 
by the immersion of a charged body in such a fluid is finite; we shall call 
it the proper energy of the particle i (species). Without risk of confusion, 
this proper energy may be denoted simply by for we shall have no other 
occasion to assign energies’ to individual particles. The energy of inter- 
action between any two particles we shall denote by w,*. 

Consider all the particles of our assembly immersed one at a time in 
our conducting fluid. When all the particles are immersed, the energy of 
the whole system equals 

— YiUi 

^Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society, 
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regardless of the arrangement of the particles. Now the removal of the 
fluid cannot release any more energy; on the contrary, some energy must 
in general be expended to accomplish it. Thus, however the particles may 
be arranged, we know a lower bound for the energy: 

U = 2^^- 2Ui (1) 

For an ion of charge e and radius o, the proper energy is given by the 
familiar formula 


iii = eV2a 

and equals the total Maxwell energy of the external field of the ion: 

M, = e^/2a — ^ J grad* (e/r) 4?rr*dr (2) 

r>o 

For a permanent dipole of strength m possessed by a particle of radius o 
and polarizability 

a = aKe - l)/(e + 2) (3) 

we find 

Ui = ~ a) = (e -1- 2) /i*/6a’ 

= — y^grad* (n cos 5/r*) dV + ^ j grad* (ixr cos 9) dV (4) 

r>o r<o 

Here not only the external field energy 

mVSo* 

of the electric dipole, but an additional amount 

= (o* + 2a)/6a®(a® — a) 

of interned energy is released by the immersion of the particle in a conductor. 
Thereby the electric moment increases in the ratio 

= (e + 2)/3 = aV(a* - «) (5) 

In general, for a multipole described by a spherical harmonic of order n 
in a spherical particle of effective dielectric constant e, the ratio of internal 
and external energies w'ill be 

Wint/Wext = ne/in + 1) (6) 

and the strength of the multipole increases by immersion, in the ratio 

= (m + n + l)/(2n + 1) (7) 
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The lower bound given by equation 1 cannot, in general, be realized. 
It is of interest to see how closely it can be approached by arrangements 
consistent with the models. 

For a given type of ionic lattice the electric energy depends on the mini- 
mum distance between anion and cation, but the proper energies of the 
ions involve the radius of each ion. To render the question definite, we 
shall compare the lattice energy with least proper energy which is consist- 
ent with a given mean diameter ro of the ions: 


(I4. -f* = To 

(8) 

For a compound, A i” \ the self energy is 



(9) 

The minimum of this quantity under the restriction 8 is 

obtained when 

a— u-f U- 

(10) 

and equals 


Min(2w*) = mn{\/m + \/^OV2^o 

(11) 


We obtain for ionic compounds CA, CAj, and CjA*, respectively. 


1.1(1 -I- 1)V2 = 2 

1.2(1 -I- V'2)V2 = 3 + 2 \/2 = 5.82843 (12) 

2.3(V2 + V3)V2 = 15 -f 6 = 29.6969 

In table 1 the energies of some important lattices, taken partly from Born 
and Goeppert-Mayer (1) and partly from Sherman (4), arc expressed in 
fractions of the least proper energies. Lattice types marked by an asterisk 
have adjustable parameters which have been chosen so as to give the 
lowest possible electrostatic energy. 

Lattices made up of identical dipole molecules involve the complications 
of polarizability and of possible resultant electric moments. 

On account of the polarizability, the moment of a molecule in the lattice 
will be 

ft = Ha + aE (13) 

where E is the electric field due to the other molecules. (In the lattices 
which we shall consider here, the directions of ft and E are parallel.) The 
field E is, of course, proportional to the actual moments m, but the energy 
will be 

2 ?/,* = 


-INEfto 


(14) 
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The ratio Ely. is given by the geometry of the lattice. We shall assume 
spherical molecules of radius o, and characterize the type of lattice by the 
dimensionless ratio 7 , defined by the equation 

E = (15) 


Then the lattice energy will be 

V = = — iW/ioy/ (o* — 7 a) (16) 

= — 2m< X 7(®* — «)/(o* — 7“) 

Here equation 1 implies 7 ^ 1 . For “electret” arrangements in which the 
crystal has a net electric moment per unit volume, the electric field outside 
the crystal due to this moment will in general contain an energy comparable 
to the total proper energy of the molecules, but dependent on the shape of 


TABLE 1 

Energies of some important lattices expressed in fractions of the least proper energies 


LATTICB 

sYarxii 

COORDINATION 

NUlfBBB 

- Xuik/Zui 

Cesium chloridei CsCl 

Cubic 

8 

0.8813 

Sodium chloride, NaCl 

Cubic 

6 

0.8738 

Zinc blende, ZnS 

Cubic 

4 

0.8190 

Wurtzite, ZnS 

Calcium fluoride, CaFa 

Hexagonal 

Cubic 

4 

4-8 

0.8197 

0.8645 

Rutile, TiOj 

Tetragonal* 

Tetragonal* 

Cubic 

3-6 

0.8263 

Anatase, TiOs 

3-6 

0.8236 

Cuprite, CujO 

2-4 

0.7061 

Corundum, AI 2 O 1 

Hexagonal* 

1 4-6 

0.8429 


* Parameters adjusted to optimum values. 


the crystal and negligible for a very long needle polarized lengthwise (5). 
Other ways to eliminate the external field are twinning — a common habit 
of ferromagnetic crystals — or the immersion in a conductor. Any such 
device which reduces the boundary effectively to an equipotential will lead 
to a periodic potential (not merely a periodic field) in the interior of the 
crystal, and to a minimum energy which will be referred to as the energy 
of the electret. 

For certain particularly simple cubic lattices, known as diagonal lattices 
(1), the energy can be computed very simply from a classical consideration 
of symmetry. In such cases the energy equals 

f/=-yArMV2 (17) 

where N is the number of dipoles per unit volume. The important char- 
acteristic of a diagonal lattice is that four trigonal axes of 83 rmmetry pass 
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through every occupied point. In table 2 the constant 7 defined by equa- 
tion 15 has been computed for some important electret lattices and for 
simple linear, quadratic, and cubic lattices of dipoles arranged so that the 
orientations of nearest neighbors are reflected in the line connecting them. 
The energies of the “reflected” lattices and the energy differences between 
hexagonal and cubic electrets have been computed by an adaptation of 
Madelung’s method (2). Some other lattices of alternating orientations 
have been discussed by Van VIeck (5). Arrangements of alternating 
orientations have not been listed for coordination numbers greater than 
6, because none has been found of energies lower than those of the corre- 
sponding electrets. It seems a safe conjecture that the hexagonal close- 
packed lattice, completely polarized in the direction of the major axis, 
has a lower energy than any other arrangement of spheres carrying electric 


TABLE 2 

Values of y computed for some lattices 


LATTICE 

COORDINATION 

NUMBER 

i 

7* 

7t 

A, Electrets: 

Close-packed cubic 

12 

ry/2/^ =■ 

0.7405 

Close-packed hexagonal 

12 

0.7413 

0.7400 

Simple cubic. 

6 

ir/6 « 

0.5236 

Cube-centered.. . 

8 

Tv/ 3/8 » 

0.6802 

Diamond . . 

4 

7rv/3/16 = 

0.3401 

Ice 

4 

0.3485 

1 0.3359 

B. Reflected orientations: 

Simple cubic .... 

6 

0.6692 


Simple quadratic 

4 

0.6374 

0.3307 

Linear 

2 

0.601 

0.225 


* Dipoles oriented parallel to major axis or plane, 
t Dipoles oriented perpendicular to major axis or plane. 


dipoles. However, if for some reason the dipoles are arranged in the 
6-coordinated simple cubic lattice, or in one of the 4-coordinated lattices, 
then lower energies can be attained by ‘‘reflected'^ orientations. For the 
simple cubic lattice one can easily show that arrangements of reflected 
orientation have the lowest possible energy. The proof depends on the 
observation that the entire space of the crystal can be divided by plane 
equipotential surfaces into cubes, each containing one dipole at the center, 
so that the energy of the lattice will be the same as if the dipoles, however 
oriented, were enclosed in individual Faraday cages. For the 4-coordi- 
nated diamond and ice lattices, it is also possible to find arrangements of 
lower energies than the electrets. The value of 7 for a zigzag string with 
tetrahedral angles is 0.43 when the dipoles are oriented lengthwise, and the 
average value of 7 for all arrangements of such strings in a given lattice is 
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necessarily the same; the maximum of y for these lattices is probably not 
far from 0.63. 

The comparison between electrets and other arrangements is of interest 
to the theory of dielectrics, because the temperature coefficient of the di- 
electric constant and the possibility of a Curie point depend on the relative 
energies of polarized and unpolarized states. The contrast between dense 
and loose packings may be general. 

Tables 1 and 2 show that, in favorable cases, the lower bound given by 
equation 1 is a remarkably close one. It is easy to understand that the 
proper energies of ions can be released more completely than those of di- 
poles. The electrostatic energy of ions is all contained in their external 
fields, but in the case of dipoles at least one-third of the energy is internal, 
and even their external energy is more closely confined. 

It has been shown that the fraction of the proper energy released by the 
formation of an ionic lattice depends on the ratio of the diameters of the 
ions. For the optimum, equation 10 requires equality of the surface field 
intensities of the ions. This condition is rather imperfectly realized in 
nature, for cations tend to be small while anions tend to be large, and more 
so the greater the valence of either. That highly charged ions get along 
better than they should on the basis of our considerations depends on the 
shortcomings of the ionic model when applied to cases which really repre- 
sent a transition between ionic and homopolar interaction. 

Chemical evidence indicates that in spite of the oversimplification of the 
model, the condition expressed by equation 10 has something to do with 
the relative stability and solubilities of ionic compounds, although in 
typical stable insoluble salts the cations have generally stronger fields 
than the anions. This may be just a matter of competition in a world of 
small cations and large anions, or else indicate a measure of homopolar 
character inherent in all ionic interaction. 

The ^^matching condition” for the surface fields is at least capable of 
characterizing those liquids which are good solvents for electrolytes, 
namely, those polar liquids whose molecular surface fields are as intense as 
the fields of the ions. For a spherical dipole the maximum intensity of the 
surface field equals 

E = 2^/ a? 

If this is the decisive characteristic, then the solvent power for electrolytes 
is by no means a function of the dipole moment /x alone, nor of the proper 
energy 

Ui ^ fx^l a? 

nor of the dielectric constant, 

D ^ Ui/kT 



ELKCTROSTATIC INTERACTION OF MOLECULES 


195 


Instead, among two liquids of the same dielectric constant, the one of 
lower molecular volume will generally have the greater ability to dissolve 
electrolytes. However, it will be obvious that localization of the surface 
field will have the same effect as a small molecular volume. A comparison 
of these conclusions with experience would amount to a reiteration of the 
outstanding empirical rules. 

Since the surface field of a molecule depends on induction from the 
environment, it seems worth while to indicate a scheme of description 
which eliminates some of the resultant complications. There are many 
possible arrangements of charges in the interior of a particle which will 
give rise to the same external field, but there is exactly one distribution 
of charges over the surface which will produce a given field. For an ion 
of spherical symmetry, charge e and radius a, the required charge density 
is obviously 

a = e/47ra^ (18) 

A spherical dipole molecule carries the fixed charge distribution 

<T = 3moo ^/47ra^ = 3/zo cos ^/47r(a’^ — a) (19) 

in the notation of equation 5. In addition to these fixed charges, there are 
induced charges whenever the surface is not an equipotential. For an isolated 
dipole molecule, the induced surface charge equals 

c^ind = ~ 3a/ioo cos d/ 47ra® 

so that the total electric moment is mo instead of The generalization 
to higher multipoles is obvious. 

In this scheme of description the condition for minimum energy is the 
best possible compensation of neighboring surface charges. 

As an illustration wc may construct an electrostatic model of the water 
molecule which will account for the known structure of the ice lattice, 
including the type of randomness assumed by Pauling (3). The shape of 
the molecule may be spherical, and the charge distribution may consist of 
fairly concentrated positive charges near two corners of an inscribed tetra- 
hedron and similar negative charges near the other two corners. If such 
molecules are arranged in a lattice of tetrahedral coordination and oriented 
so that positive and negative charges compensate each other at all points 
of contact, practically the whole proper energy of the molecules will be 
released. According to Pauling's estimate, there are (3/2)^ ways of 
orienting N molecules with matching of the charges, and from the agree- 
ment with the observed residual entropy of ice, he infers that those (3/2)'^ 
configurations have all about the same energy. This hypothesis would 
indeed be true on the basis of our model, for when the compensation of 
adjacent charges is perfect, there are no stray fields left. 



196 


LABS ONSAOER 


Incidentally, it is possible to show that the number of Pauling’s “con- 
figurations” is larger than (3/2)'', but a tentative estimate of the correc- 
tion indicates that it is well within the experimental error of the residual 
entropy. 

While our purely electrostatic model of a “proton bond” may need re- 
finements, the general scheme would seem to accomodate them readily. 
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A study has been made in this laboratory of the solubility in water of 
several series of slightly soluble organic compounds. Such systems are 
sufficiently dilute so that but little interaction is to be anticipated between 
the solute molecules themselves. They thus afford an opportunity to 
study the interactions between the solvent water molecules and the organic 
molecules as reflected in the solubility values and their change with tem- 
perature, and in the energy values associated with the solution process. 

The solubilities of several simple series of compounds, including aromatic 
hydrocarbons and halogenated aliphatic and aromatic hydrocarbons, have 
been measured, as well as of the series of aliphatic ketones for which data 
are given here. The ketones, while showing more complicated relation- 
ships, are presented here, since in the results for them certain interesting 
features are evident that are present in only a limited degree in the other 
cases. 

The experimentally determined solubility values are the concentrations 
in the water phase in equilibrium with the liquid solute phase, saturated 
with water. Inspection of these values shows but little correlation to 
exist among them in any of the series of compounds. However, when 
those energy terms involved in separating the solute molecules from their 
liquid phase are eliminated, regularities become evident at once. This 
may be done by recomputing the observed solubilities to vapor solubilities 
corresponding to a constant standard state of 100 mm. in the vapor. To 
compute these standard vapor solubilities from the observed solubility 
values and the vapor pressures of the organic liquids, Henry's law is 
employed. Except in a few cases (3) this law has not been commonly 
applied to such systems. While there seems little reason to doubt its 
validity in the case of dilute solutions, it was deemed better to determine 

^ Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

* This paper was taken in part from the thesis submitted by J. C. Rintelen to 
the Graduate School of Duke University in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 
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this experimentally for systems of the type under consideration here (8). 
This test showed that it could be used as a first approximation up to con- 
centrations of approximately 400 to 500 millimoles per 1000 g. of water. 

The ketones which have been measured are the following: methyl 
propyl; methyl isopropyl; diethyl; methyl butyl; methyl isobutyl; di- 
propyl; and dibutyl. All have practically the same dipole moment, 
2.7 X 10~*® E. s. TJ. (10), and by this criterion should have the same 
polarity. The polarity is due to the large dipole in the carbonyl group, 
and it is practically unaffected by differences in length or branching of the 
hydrocarbon side chains. In order to calculate these vapor solubilities 
and obtain the molecular volumes it was necessary to have data for the 
vapor pressures and densities of the compounds. In those cases where 
these values were not available in the literature they were determined for 
this investigation. The vapor pressure and density data have already 
been published (7). 

EXPERIMENTAL 

The saturated solutions of the substances investigated were prepared 
in each case by shaking an excess of the liquid with water in thin-walled 
cylindrical glass-stoppered bottles in large water thermostats maintained 
at 0°, 10®, 30®, 50®, and 75®C. These solutions were analyzed by means 
of a Zeiss combination liquid and gas interferometer. The method has 
been described elsewhere in detail (5). 

The dibutyl ketone was prepared in this laboratory. All the other sub- 
stances were of the best grades commercially available. They were 
purified by methods previously described. Data for the boiling points of 
five of the compounds have already been published (7). The samples of 
the remaining two ketones had the following boiling ranges: methyl n- 
propyl ketone, 101.92®-101.94®C.; methyl n-butyl ketone, 127.1®- 
127.2®C. Timmermans (9) gives boiling points of 102.0®C. for methyl 
propyl ketone and 127.2®C. for methyl butyl ketone. 

RESULTS 

The solubilities found for the ketones are given in table 1. These 
observed values were converted to vapor solubilities. The vapor solu- 
bility, C„ is defined as the concentration in the water which would be in 
equilibrium with the vapor of the substance under a standard pressure 
p, of 100 mm. at the temperature in question. If C is the observed solu- 
bility and Pl the vapor pressure of the liquid solute at the same tempera- 
ture, then if Henry’s law holds 

C, = p,/pt X C 

In table 2 the values of pt used are listed and the values of the vapor 
solubilities determined from them. For later reference there are also 
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TABLE 1 


Solubility in moles per 1000 g. of water 


COMPOUND 

atO"C. 

ATlO*C. 

AT 30*0. 

AT 60*0. 

AT 76*0. 


moles 

moles 

moles 

moles 

moles 

Methyl n-propyl ketone . 

1 

0.887 

0.630 

0.515 


Methyl isopropyl ketone . . 


0.813 

0.608 

0.594 


Diethyl ketone, . . 


0.781 

0.576 

0.456 


Methyl n-butyl ketone 


0.204 

0.145 

0.124 


Methyl isobutyl ketone . . 

0.307 

0.231 

0.166 

0.141 

0.137 

Dipropyl ketone 

0 0643 1 

0.0466 

0.0335 

0.0288 

0.0272 

Dibutyl ketone 


0.00357 

0 00255 

0.00243 



TABLE 2 


Vapor soluhiliiies and molecular volumes 


KETONE 

i 







*C. 

molahty 




mm. 

f 

10 

4 90 

0 0812 

0.8169 

105 4 

18.1 

Methyl propyl . ^ 

30 

1 28 

0 0225 

0.7984 

107 9 

49.4 

1 

*50 

0.432 

0.00772 

0 7800 

110.4 

119 1 

[ 

10 

3.20 

0.0545 

0 8239 

104.5 

25.4 

Methyl isopropyl \ 

30 

0.895 

0.0159 

0.8052 

107.0 

67.9 

1 

50 

0.370 

0 00662 

0.7847 

109 7 

160 6 

( 

10 

4.68 

0.0778 

0.8243 

104,5 

16 7 

Diethyl . . . \ 

30 

1.23 

0 0217 

0.8045 

107 0 

47.0 

[ 

50 

0 393 

0.00703 

0 7867 

109 5 

116.0 

1 

10 

4 00 

0 0673 

0.8198 

122 1 

5.1 

Methyl butyl ^ 

30 

0 912 

0.0162 

0.8025 

124.7 

15 9 

1 

50 

0.288 

0 00516 

0.7845 

1 127.7 

43 0 


0 

6.14 

0.0096 

0.8187 

122.3 

5 0 


10 

2.51 

0.0433 

0.8094 

123 7 

9.2 

Methyl isobutyl 

30 

0.617 

0.0110 

0.7922 1 

126.4 

26.9 


50 

0.204 

0 00366 

0.7736 1 

129.4 

69 2 


75 

0.0708 

0.00127 

1 

0.7520 j 

133 1 

193.4 


0 

4 12 

0 0691 

0 8340 

136 S 

1 6 


10 

1 55 

0 0272 i 

0.8248 

138 3 

3 0 

Dipropyl 

30 i 

0.353 

0.00632 

0 8081 

141 2 

I 9.5 


50 1 

0.113 

0.00203 

0.7913 

144.2 

25.5 


75 

0.0360 

0.000648 

1 

0.7702 

148,2 

1 75.6 

f 

10 

0.235 

0.00422 

0.8296 

171.1 

1.5 

Dibutyl j 

30 

0,0536 

0 000964 

0.8147 

1 174.2 

4 8 

50 

0.0193 

0.000348 

0 7981 i 

177.9 

I 12.6 
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listed in this table the mole fraction, N, corresponding to C„ as well as the 
densities and molecular volumes, Vm, at each temperature. The densities 
were taken from our previously published data (7), except in the cases of 
methyl propyl ketone, diethyl ketone, and dipropyl ketone. Values for 
the first two of these were taken from International Critical Tables. The 
densities for dipropyl ketone were obtained by plotting the values listed 
in Beilstein (1) against temperature. The vapor pressure values, pt , were 
taken from our own data (7) in the cases of diethyl, dipropyl, and dibutyl 
ketones. Values for the two methyl propyl and the two methyl butyl 
ketones were calculated from the equations given by Mayberry and 
Aston (6). 


HEAT OF SOLUTION 

The temperatures covered by the present data are sufficient to permit a 
calculation of the heat of solution at several temperatures. For the dilute 

TABLE 3 


Values of aF, AH, and AS for the ketones 


XBTONB 


atO*C. 

AT 10*C. 

AT 30*C. 

atWC. 

AT 76*C. 

[ 

AF 


4.00 


6.07 


Methyl propyl . . . j 

-AH 


11.21 

wsm 



1 

-AS 


53.8 

51.8 



f 

AF 


4.22 

5.26 



Methyl isopropyl . . 

-AH 


11.48 j 


8.28 


1 

-AS 


55.4 

48.5 

44.7 


f 

AF 



5.08 

6.13 


Diethyl . 

-AH 


10.95 

10.95 

10.95 


i 

-AS 

1 

53.0 

52.9 

52.9 



AF 


4.11 

5.25 

6.33 


Methyl butyl 

-AH 


12.73 

11.68 

10.40 



-AS 


59.4 

55.8 

51.8 


[ 

AF 

3.75 

4.35 

5.49 

6.55 

7.79 

Methyl isobutyl . n 

-AH 

12.79 

12.23 

11.14 

9.98 

9,01 

1 

-AS 

60.6 

58.6 

54.9 

51.2 

48.3 

[ 

aF 

3.95 

4.62 

5.82 

7.20 

8.26 

Dipropyl <\ 

-AH 

13.84 

13.39 

11.52 

10.74 

10.10 

1 

-AS 

65.1 

63.6 

57.2 

55.5 

52.7 


AF 


5.66 

6.95 

8.06 


Djbutyl 

-AH 


11.87 

11.12 

10.52 



-AS 


61.9 

59.6 

57.5 
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« 

solutions under consideration the heat of solution, AH, is given by the re- 
lation 


IniV 


AH 

RT 


+ constant 


From a large-scale plot of log N against l/T, values of AH were determined 
graphically from the slope at the temperatures listed in table 3. These 
values, which have also been called the energies of hydration, decrease 
with increasing temperature, as would be expected. While increasing 
side chain length up to the dipropyl compound results in increased values 
of AH, the two long side chains in dibutyl ketone operate to decrease the 
heat of hydration. A possible explanation of this would be that the longer 
chains may tend to coil back toward the carbonyl group, owing either to 
the large dipole field around it or to their thermal motion. If this coiling 
exists it will tend to exclude water molecules from the carbonyl dipole and 
will also reduce the chances for attractive interaction between the CH 2 
groups and the solvent molecules. In agreement with the results of But- 
ler, a decrease in the heat of hydration is observed on passing from the 
normal propyl or normal butyl ketone to the corresponding iso compounds. 
The branched side chain would result in an increase in the distance of one 
of the carbon atoms from the water molecules and thus reduce the magni- 
tude of the London attractive forces. This would be reflected in a decrease 
in the heat of hydration. The indications for this will be discussed later 
in connection with the volume relationships. 


FREE ENERGIES OF HYDRATION 

These have been defined by Butler (3) by the relation 

AF =RT In I, 

N 

AF is the free energy change involved in the transfer of a mole of vapor 
from the vapor state, where the pressure is p, to the dilute solution where the 
mole fraction is N. Our choice of the pressure value for the standard state 
in the vapor is 100 mm. at each temperature instead of the value (1 mm.) 
used by Butler. This was done because it seemed probable that conver- 
sion of the observed values to vapor solubilities, C„ would involve less 
error through possible deviations from Henry’s law, in view of the number 
of larger values for pt, involved in our data. This must, however, remain 
a matter of speculation in the absence of more data. If the form of 
Henry’s law for mole fractions, namely P/N — constant, were assumed 
valid, no difference in the values of AF would result. We have, however, 
assumed the molality form of Henry’s law, p/m = k, on the basis of our 
earlier test. This results in a slightly different value for the mole fraction, 
AT, corresponding to the standard vapor state with 100 mm. pressure, and 
80 causes a slightly different value of AF than would be calculated using the 
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mole fraction form of the law. In any case the difference is small and 
probably not significant in view of the other assumptions. Thus for the 
largest observed solubility, that of methyl isopropyl ketone at 10®C., our 
calculation gives a value of AF = 4.00 kg-cal., whereas the mole fraction 
form of the law gives 3.96 kg-cal. For the majority of our results, which 
are for much more dilute solutions, no appreciable difference would result. 
The AF values in table 3 are therefore computed from the relation 


AF = RT ha. 


100 

N 


where N is the mole fraction corresponding to the value of C, in table 2. 


ENTROPY OF HYDRATION 

From the values of AH and AF given in table 3 the entropy of hydration, 
AS, has been calculated by use of the equation 

AF = AH - TAS 

These values are also listed in table 3. Recently Evans and Polanyi (4) 
have pointed out the existence of simple linear relations between AS and 
AH for the solubilities of a solute in a series of solvents, and of relations 
less generally valid for the solubilities of a series of solutes in a given sol- 
vent, the validity in the latter case being limited to solutes which are 
chemically related. Our data come under the second category. How- 
ever, in spite of the close similarity in our series of ketones and the fact 
that they all have the same polarity, as measured by their dipole moments, 
no linear relation is observed for the group of ketones as a whole. The 
absence of such a relationship is evident from an inspection of figure 1, in 
which AH is plotted against AS for all of the compounds at 10®, 30®, and 
50®C. However, in the case of three of the ketones,- methyl propyl, 
methyl isopropyl, and diethyl, — there is a linear relation which holds well 
at each of the three temperatures, as the straight lines indicate. Bell (2) 
has pointed out the existence of a relation between the AH and AS values 
for solutions of gases, similar to that found by Evans and Polanyi. In 
discussing the possible basis of such relations he has stressed the impor- 
tance of the relative volumes of the solute and solvent. It is significant 
that tWs factor is approximately constant in the cases where a linear 
relation is valid. The molecular volumes of methyl propyl, methyl iso- 
propyl, and diethyl ketones are all approximately the same at the three 
temperatures. It is possible that this equality of solute volume would 
be one of the cases discussed by Bell, where it might be legitimate to assume 
that the configuration of surrounding solvent molecules was disturbed in 
the same way by each of these closely related solute molecules. In this 
connection it may be noted that the three solutes, in nitrobenzene as 
solvent, that Evans and Polan 3 d (reference 4, table 2) pve as an illustra- 
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tion of a relation between AS and AH for solutes in the same solvent, 
would be expected to have approximately the same volume. Whether 
equality of solute volumes as well as chemical similarity is a prerequisite 
for the existence of such relations in the case of different solutes in the 
same solvent can be determined only on the basis of additional data. 



—ah (ki local.) 

Fig. 1. Relation between heats and entropies of solutions at 10°, 30°, and 50°C. 

Obviously this is not essential in the case of the data for different gaseous 
solutes in the same solvent given by Bell. 

VOLUME RELATIONS 

The molecular volumes of the pure liquids at the same temperatures as 
the solubility determinations have been used as criteria of the volumes of 
the different ketones relative to one another. It is appreciated that this 
can only be a rough measure of the actual volume occupied by the mole- 
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cules in the water solutions, but it is likely to be relatively correct in the 
case of a series of closely related compounds. Several features of these 
solubility results are brought out when the standard vapor solubility N 
is plotted against the volume in figure 2. In general, as in the case of 
other series of compounds, the solubilities decrease with increasing molec- 
ular size. A striking feature of the results is shown in the cases of 
methyl butyl ketone and methyl isobutyl ketone. At 10°C. there is a 
large difference in the solubility, although the two have approximately 
the same molecular volume. This difference becomes markedly less at 
30®C. and still less at SO^C. This effect in the case of the methyl propyl. 



Fio. 2. Effect of temperature on solubilities in relation to volume 

diethyl, and methyl isopropyl compounds is even more marked. These 
have about the same volume at each of the temperatures. At 10°C. 
methyl propyl ketone is about one and a half times more soluble than 
methyl isopropyl ketone. This ratio decreases to 1.42 at 30°C., while at 
50®C. it drops to 1.16. There is thus a lai^ effect between 10® and 50®C., 
which is associated with the structural differences in the two molecules. 
A similar comparison is valid for diethyl ketone and methyl isopropyl 
ketone. 

A possible explanation of these effects would be the following: The 
methyl isopropyl ketone molecule is a compact branched structure which 
can assumeonly a relatively limitednumber of configurations. It will there- 
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fore not be much influenced by temperature, nor will this limited number 
of configurations differ greatly in their positions relative to the surround- 
ing solvent molecules. The two compounds with longer unbranched side 
chains can assume a larger number of configurations, which will presum- 
ably be temperature dependent. Thus, if at low temperatures the side 
chains are stretched out so that the CH* groups are surrounded by the 
maximum possible number of water molecules, the attractive forces 
between these groups and water will be large and will add to the main 
attractive interaction between the carbonyl dipole and the water mole- 
cules. If, as the temperature increases, these side chains assume other 
configurations, these will be such as to decrease the number of water mole- 
cules adjacent to the CHj groups. The diethyl and normal propyl com- 
pounds when in the.se configurations will have compact structures 
approaching that of the iso compound. They will have a reduced number 
of water molecules adjacent to their CH 2 groups, and therefore the magni- 
tude of the attractive forces will decrease. 

SUMMARY 

The solubilities in water at 10°, 30°, and 50°C. of methyl n-propyl, 
methyl isopropyl, diethyl, methyl n-butyl, and dibutyl ketones and those 
of methyl isobutyl and dipropyl ketones at 0°, 10°, 30°, 50°, and 75°C, 
have been determined, and vapor solubilities have been computed from 
them. 

Free energies, heats, and entropies of solution for these cases have been 
calculated. In this series a linear relation between entropies and heats of 
solution was found only in those cases where molecular volumes were 
nearly equal. 

The significance of the large solubility differences found for isomers and 
the large temperature dependence of this difference is discussed. 
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introduction 

In common with other properties of liquids and liquid solutions, the 
pressure "Voluine-temperaturc relations depend on the nature of the con- 
stituent molecules and the force.s between them. The connection between 
molecular mechanics and thermodynamics is, however, still so obscure in 
this field that an experimental attack with a view to obtaining empirical 
generalizations seems not only justifiable but even desirable at the present 
time. The changes in volume which occur when two components are 
mixed at different temperatures and pressures to form solutions of various 
concentrations have been assumed to be closely connected with the inter- 
molecular forces between the components and, moreover, they are quanti- 
ties of considerable thermodynamic interest because the changes of activity 
coeflacients with pressure may be computed directly from them. In the 
course of a systematic study of the volume changes on mixing of aqueous 
solutions at different pressures and temperatures, it became evident that 
the complex behavior there encountered could be better understood if 
more were known about the behavior of simple solutions. Binary mix- 
tures of benzene and some of its monosubs tituted derivatives appeared to 
be suitable for such an investigation. Many of their properties have been 
investigated, the densities, vapor pressures, and dielectric constants, 
quite recently, in fact (11, 12); it is highly unlikely that structural effects 
complicate the behavior of these solutions. 

This paper presents a few questions of more general interest which 
have arisen during a systematic study of the densities, compressions, and 
thermal expansions of mixtures including benzene, aniline, chlorobenzene, 

' Presented at the Symposium on Intermolecular Action, heldatBrownUniversity, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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bromobenzene, and nitrobenzene. The complete results will be published 
elsewhere. 

C0MPBE8B10N8 OF THE FUSE COMPONBNT8 

The compressions of the liquid components (suitably purified) to 500 
and 1000 bars (metric atmospheres) were measured at 25®, 45®, 65®, and 
85®C. in our latest pressure apparatus (4). We had already found (6) 
that the bulk compressions of benzene were represented within experi- 
mental error by the Tait equation: 

k = C\og[{B^P)/B] (1) 

where k is the bulk compression and P the pressure; B and C are constants, 
the latter being independent of the temperature. 

TABLE 1 

Constants in the Tait equation for benzene and some of its derivatives 
at different temperatures 

For all the liquids at all temperatures C ^ 0.21591 


SUBSTAMCB 

V AT 26*C. 

26*C. 

Binu; 

45*C. 

U>BABB 

«5*C. 

M*C. 

Benzene 

1.14461 

0.970 ^ 

0.829 

0.701 


Chlorobenzene 

0.90817 

1.248 

1.0978 

0.9609 


Bromobenzene 

0,67177 

1.4044 

1.2473 

1.1033 


Nitrobenzene 

0.83451 

1,8652 

1.6794 

1.5035 


Aniline 

0.98291 

2.009 

1.7983 

1.6056 

1.4304 


Using the same value of C as we had employed for benzene, we were 
able to calculate B for the other liquids from the compressions at 1000 
bars. These values of C and B, when used in equation 1, reproduced our 
determinations at 500 bars within experimental error, and we have found 
by repeated checks at intermediate pressures that this agreement at 500 
bars means that the equation reproduces the compressions to any pressure 
between 1 and 1250 bars. 

In table' 1 we give the value of the constant C and the values of B (in 
kilobars) at different temperatures, the figures for benzene being taken 
from the previous paper. The fact that C is independent of temperature 
and the same for all these liquids supports the suggestion made by Dr. 
Teller (private communication) that it depends on the repulsive forces 
between the molecules themselves. 

It follows from the constancy of C that the compressibility of any of the 
monosubstituted derivatives of benzene mentioned in table 1 is the same 
as that of benzene itself under a hydrostatic pressure equal to the difference 
between the net internal pressure (B) of the compound and that of benzene. 
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In other words, the introduction of a polar group acts on the compressi- 
bility of benzene in the same way as the application of an external pres- 
sure,— it changes the attractive potential but leaves the form of the 
repulsive potential unaltered. From an analysis of the results for benzene 
it has been shown (6) that B may be interpreted as the difference between 
the cohesive pressure set up by the attractive forces between the molecules 
and the expansive pressure due to the thermal energy of the molecules, 
{RT/(y — b) in van der Waals’ equation). In other words, B represents 
the net internal pressure of the liquid. Increa.se in the attractive potential 
between the molecules, decrease of temperature, and increase in the free 
volume (F — b) all cause B to increase in value. There is a rough paral- 
lelism between B and the electric moments of the molecules in the dif- 



Fia. 1. The surface tensions of benzene and some derivatives at different tempera- 
tures plotted against the average force between the molecules (in 10® dynes per mole) 
computed on the assumption that B is the net internal pressure. 

ferent liquids, but the parallelism is so rough that we must conclude that 
the dipole forces do not play a predominating r61e in determining B, 

The surface tensions of these liquids at different temperatures are closely 
related to their net internal pressures. In figure 1 we have plotted the 
surface tensions (interpolated from the data given in the Landolt-Born- 
stein Tables) of the various liquids at 25°, 45°, and 65°C. against a 
quantity which represents the average force acting on one mole of a liquid 
whose net internal pressure' is given by B. The points for all five com- 
pounds at 25°C. lie on a straight line, and the points for the higher tem- 
peratures scatter very closely around this line. As the surfaces of all 
these liquids are presumably the same as that of benzene, we should expect 
the surface tension to be determined almost completely by the intermo- 
lecular forces and the size of the molecules. Figure 1 may be taken as 
contributory evidence in favor of our interpretation of B, 

By means of the Tait equation we may compute the molal voIufaICs of 
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benzene under hydrostatic pressures at which its compressibiKty is equal 
to that of its derivatives. On comparing molal volumes under such 
conditions (constant B) we obtain very reasonable estimates of the volumes 
of the substituent groups. It will be seen from the foregoing that this is 
equivalent to a comparison of parachors (16). 

Relations between surface energy^ compressibility, internal pressure, 
etc. have been studied extensively for many years (2, 8). We seek to 
avoid confusion by emphasizing that the net internal 'pressure B is not 
equal to the internal pressure defined in any of the usual ways (8) such as 
{^>E/bV)T. 

APPARENT VOLUMES, EXPANSIONS AND COMPRESSIONS OP ANILINE IN 

SOME SOLUTIONS 

The specific volumes of solutions of aniline in benzene, chlorobenzene, 
and nitrobenzene were measured at 10®C. intervals between 25® and 75®C. 
in a new weigh t-dilatometer made of fused silica. The compressions to 
500 and 1000 bars of the same solutions were also determined over this 
temperature range. From these data the apparent volumes of aniline in 
the different solutions were computed at various pressures and tempera- 
tures. It will be recalled that the apparent volume (per gram) of a com- 
ponent in a binary mixture is defined by the equation 

V = xivl 4 - 

and it may be noted that the volume change taking place when the requi- 
site amounts of components are mixed to form 1 g. of solution is given by 

X 2 {<t >2 ~ vl) or Xi{<t>i — Vi) 

In figure 2 we have plotted {<t >2 — v\) in milliliters per gram for aniline 
in different solvents at various concentrations, pressures, and temperatures 
against the mole fraction of aniline. It will be noted that a wide variety 
of behavior is represented on this diagram. Benzene and aniline contract 
on mixing; this contraction increases with temperature and diminishes 
with pressure. Aniline and chlorobenzene expand slightly on mixing; the 
expansion is almost independent of temperature and is increased by rise 
of pressure. A greater expansion is observed on mixing aniline and nitro- 
benzene, but this expansion diminishes with pressure. Our compressibility 
results are given in more detail in table 2, where observed values of B are 

* The symbols used in this paper are as follows: The subscripts 1 and 2 refer re- 
spectively to each component in the solution; generally aniline is taken as 
component 2. ‘ 'The weight fraction is represented by x, the mole fraction by X, the 
specific volume of the solution by v, the molal volume by V, the apparent volume by 
4>, and the relative volume change with pressure (bulk compression) by k. The su- 
perscript 0 denotes the pure liquid component. Ap indicates the finite change with 
pressure of the quantity to which it is prefixed. P is the pressure; T is the absolute 
temperature. 
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recorded, and in figure 3, where the differences between the apparent 
compressions to 1000 bars of aniline in solution and of pure aniline are 
plotted against the mole fractions of aniline in different solutions. Com- 
pressions of the solutions to 500 bars confirmed the presumption that the 
constant C was the same for the solutions as for the pure liquids. It wiU 



Fifi. 2. The difference between the specific volume of aniline and its apparent vol- 
ume in different solvents at various temperatures, pressures, and concentrations. 
The black dots represent results computed from the data of Martin and Collie. 

TABLE 2 


Constants m the Tait equations for the compressions of solutions at 
In all oases C = 0.21591 


ROLDTION 

1 

! WEIGHT FRACTION 

1 

VOLUME FRACTION 


1 OF ANILINE 

OF ANILINE 

IN KILOBAKS 

1 

1 0 8607 

0 8303 

1.7887 

Aniline-benzene 

! 0 7560 

0 7268 

1.6693 

i 

! 0 5050 

i 

0 4G69 

1.3838 

[I 

0.7923 

i 

0 8050 

1.8210 

Aniline-chlorobenzene \ 

' 0 4995 i 

1 0 5192 

1 5857 

1 

0 2482 1 

0 2632 

1.4080 

1 

0.7410 

0 7712 

1 9506 

Aniline-nitrobenzene S i 

0.4952 

0 5360 

1.9132 

• li 

0 2536 

0.2875 

1.8832 


be seen from figure 3 that the compressions of aniline-benzene and aniline- 
chlorobenzene mixtures are less than those computed from the simple law 
of mixtures, whereas in aniline-nitrobenzene solutions the opposite holds. 

NET INTERNAL PRESSURES AND VOLUME CHANGES ON MIXING 

In dealing with solutions whose components differ widely in compressi- 
bility, such as aqueous salt solutions, we have applied Tammann’s 
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hypothesis that the solvent (component of the greater compressibility) 
in the solution behaves as if it were under an external hydrostatic pressure, 
and we have shown that the volume changes on mixing may be computed 
with useful accuracy from the observed compressions or net internal pres- 
sures (3,5). The method involves one assumption concerning the compres- 
don of the solute, however, which makes it inadequate for solutions whose 
components do not differ widely in compressibility, such as those we are 
now discussing, but it can readily be modified. In view of the fact that the 
constant C in the Tait equation is the same for all the liquids and solutions 
mentioned here, we may apply the following argument: Let Bi, Ba, and B' 
be the net internal pressures of the pure components and of the solu- 
tions, respectively. When the net internal pressure of a component is 



Fio. 3. The difference between the specific compression of aniline and its apparent 
compression in different solutions. The pressure range is 1 to 1000 bars. 

changed from Bi to B', the corresponding volume change according to the 
Tait equation is given by equation 2: 

- = t;J(71og|^ (2) 

If we assume that, on forming the solution, the components first expand 
until their net internal pressures come to the common value B' and then 
mix without further change, we arrive at the following formula: 

“ (xivl + a;jt)j) log B' - {xivl log Bi + xavl log Ba) (3) 

In this equation — Av is the decrease in volume when 1 g. of solution is 
made from the appropriate quantities of the pure components. It should 
be noted that C is independent of temperature etc. only when the com- 
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pression is expressed as the volume change per unit volume, and this 
constancy of C leads to a relation involving log fi' and the volume fractions 
of the components. In view of the increasing importance that is being 
attached to the volume fraction by theoretical workers (7, 14), we regard 
this observation as significant. 

In figufe 4 we have plotted log B' against the volume fractions of aniline, 

/ X2vl \ 

-f- OC2V2/ 

in the three series of solutions (open circles). Qualitatively the formula 
holds; where log B* falls below the straight lines joining log Bi and log B^ 
the volume change on mixing is positive, and where the points for log B' 



P"iG. 4. Illustration of the relation between the logarithm of the net internal 
pressure of solutions of aniline at 25®C. and the volume fraction of the components. 
The open circles indicate the observed values of log B', and the dots, the values 
computed from the volume change on mixing. 

fall above this line, the volume change on mixing is negative. Quantita- 
tively equation 3 leaves something to be desired. The black dots in 
figure 4 represent values of log B' computed from the observed volume 
changes on mixing. The agreement gets progressively worse as the solu- 
tions become more dilute in aniline, except in the case of nitrobenzene. 
This may be due in part to our overstraining the Tait equation by using 
it to extrapolate to negative pressures exceeding 500 bars. The volume 
changes on mixing computed from the observed values of B agree with 
those actually measured within a factor of 2, and, as these volume changes 
are very small as compared with the specific volumes of the components, 
we may say that the agreement is not despicable. 

Solutions of aniline and nitrobenzene were chosen for examination 
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because the net internal pressures of the pure liquids were nearly the same 
and hence less extrapolation with the Tait equation was necessary. The 
agreement between the observed and calculated values of log jB' is, how- 
ever, particularly poor for these solutions, a fact for which another phe- 
nomenon to be discussed later must be held partly responsible. Summing 
up, we may say that equation 3 gives a means of calculating apprbximately 
the compressibilities of a solution from the volume changes on mixing, or 
vice versa, provided that the volumes and the net internal pressures of the 
components are known. It gives a means of connecting the volume change 
on mixing with the net internal pressure of the solution. 

Figure 5, giving the results of computations from Bramley's data (1), 
shows that the volume changes occurring when phenol is dissolved in 
various solvents parallel those we have observed with aniline. We are, 



Fig, 6. The difference between the specific volume of phenol and its apparent 
volume in different series of solutions, as computed from Brarnley’s data. 

therefore, not dealing with any isolated case. An essential feature of 
figures 2, 4, and 6 is that, as the ratio of the net internal pressures of the 
pure components approaches unity, the volume change on mixing per unit 
of aniline or phenol becomes more positive, and accordingly the departures 
of log from the straight lines become more negative. This statement 
covers not only the volume changes at 25®C. but also the results at different 
pressures and temperatures. From table 1 it will be seen that the ratio 
of the net internal pressures for aniline and benzene approaches unity as 
the temperature falls; for aniline-chlorobenzene solutions this ratio changes 
in the same direction but to a much less extent. At higher pressures the 
quantity {B -b P) must be used instead of JB, and it is obvious that the 
higher P is, the closer will the ratios of (JB + P) for pairs of the liquids 
approach unity. Figure 6 shows that at 1000 bars (1 kilobar) the depar- 
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tures of log (B' + P) from the straight lines are more negative tlmn at 
atmospheric pressure. Our investigations of aqueous and non-aqueous 
solutions of electrolytes have led us to similar conclusions about the rela- 
tions between the volume changes on mixing and the ratio of the compres- 
sibilities of the components in those cases where structural effects do not 
predominate (5). 

The activity coefficients of aniline, phenol, nitrobenzene, chlorobenzene, 
etc. in benzene solutions all increase as the solutions become more dilute, 
and the activity coefficients have been adequately correlated with the 
change in electrostatic energy of the solutions arising from changing con- 
centrations of the polar molecules (11). Negative values of (^2 ~ vl) 
mean that the activity coefficients decrease with pressure and that the 
chemical potential of the solute becomes closer to what it would be in the 



Fio. 6. The logarithms of the net internal pressures of aniline solutions at 25°C. 
and 1000 bars plotted against the volume fraction of aniline. 

ideal solution of the same chemical nature as the pure solute. In other 
words, the electrostatic energy due to the polar molecules becomes rela- 
tively less important as the volumes of the solutions are diminished, short- 
range forces becoming quite significant. 

NITROBENZENE -ANILINE MIXTURES 

What has been said in the preceding discussion is applicable to nitro- 
benzene-aniline solutions except that rise of pressure appears to decrease 
rather than increase the change in volume on mixing. These solutions 
present a rather interesting phenomenon. It has been known for a long 
time that when reasonably pure nitrobenzene and aniline are mixed, the 
solution instantly develops a deep orange color (10, 13). Investigation 
of the thermodynamic properties and viscosities of these solutions (10, 16) 
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has revealed no trace of compound formation in the usual sense of the 
term. It occurred to us that a grouping of the aniline molecules around 
the highly polarizable nitro group, the energy of association being quite 
low, might account for this color, and, if so, the absorption of light should 
be pushed even farther towards the red by application of hydrostatic 
pressure. Such was found to be the case. With a suitable blue light- 
filter, a reversible color change from green to yellow could readily be seen 
as the pressure over the solution was raised. This phenomenon is now 
being systematically studied, and further details will be published later. 
It is mentioned here to show that nitrobenzene-aniline solutions exhibit 
a curious type of intermolecular phenomenon, but further speculations 
about the effect of pressure on these solutions must wait till the phenome- 
non is more carefully investigated. 

We must state in conclusion that we still regard the theoretical implica- 
tions of the Tait equation as very obscure. Similar equations on a much 
sounder theoretical basis have been developed (9), but they lack the sim- 
plicity of the Tait equation. It is our purpose to apply this equation 
empirically until it breaks down completely; in so doing we hope to uncover 
what is most needed at present in the study of liquids, some valid simpli- 
fying assumptions. 


SUMMARY 

New measurements of the compressions and expansions of some deriva- 
tives of benzene and of the specific volumes, compressions, and expansions 
of mixtures of benzene and these derivatives have confirmed and extended 
the empirical use of the Tait equation. The exponential constant C in 
this equation has been found to be the same for all the liquids and solutions 
examined, and the internal pressure constants, B, for the pure liquids and 
the solutions have been correlated with volume changes which take place 
when the liquids are mixed. The conclusions based on studies of electro- 
lytic solutions concerning the volume changes on mixing and the internal 
pressures of the components are found to hold qualitatively in benzene 
solutions. A new phenomenon in aniline-nitrobenzene solutions is 
described. 
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Any discussion of association through hydrogen in solution is likely to 
become involved with the question of the terminology most suitable to 
characterize the bond. This is relatively an academic question, as com- 
pared to the facts of association, but it is always desirable to formulate 
our ideas, if possible, so that the facts will fit into a consistent picture. 
Some may wish to say that a postage stamp sticks to an envelope because 
of simple dipole interaction, but until one specifies more particularly what 
he means by simple dipole interaction, the question is still open. There 
are physicists, for example, who have said that there is no such thing as 
chemical valence, only Coulomb forces between protons and electrons. 
This is true apparently as an abstract statement, but the attempt to de- 
scribe a molecule in terms of nothing but Coulomb forces leads to absurd 
conclusions, and the wave mechanics presents us with a picture so different 
from the classical one, that it is customary to speak of the “exchange” 
forces, as though they were an entirely new type of force. The attempt 
to describe association through hydrogen in terms of simple dipole inter- 
action seems to involve, to a lesser degree perhaps, an oversimplification, 
similar to that mentioned above. In a contribution to a s 3 Tnposium of the 
Faraday Society upon the dipole moments some years ago, one of the 
authors (7) rather ungraciously devoted considerable space to sho\vmg 
that dipole moments were disappointing in their significance to chemistry. 
For example, in the hydrogen halides the dipole moment decreases (pre- 
sumably) monotonically with increasing atomic weight, whereas the acid 
strength behaves in the contrary mamier so far as it appears to show any 
trend.® Simple ionic or dipole pictures here are obviously inadequate. 
Of course it is only fair to state that the dipole moment as measured is not 
as a rule the one in which we are interested. One may not measure the 

‘ Presented at the Symposium on Intermolecular Action, held at Brown University* 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

* Another example of a related character is the case of the silver halides, where 
from considerations of ionic radii one would predict that silver iodide would be more 
soluble than silver chloride. 
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dipole moment in a polar solvent, and in the case of polyatomic molecules 
one measures the vector sum of the moments. When we have methods 
for estimating the dipole moments associated with particular bonds we 
have, as we shall see later in this paper, a valuable method for explaining 
behavior. 

As a matter of fact, for most molecules the vector sum of the dipole 
moments is all that is necessary, since no association due to dipole inter- 
action occurs. It is only when hydrogen is present that one finds a strong 
tendency toward association, and here one may assume at once that the 
small size of the atom permits a close approach, which allows a strong 
interaction to take place between dipoles, for example. But this simple 
picture is by no means adequate to predict what is observed in the associa- 
tion through hydrogen. According to this simple picture molecules 
should not form dimers of zero dipole moment, as do the carboxylic acids, 
and of course one knows that here something much more complicated than 
a simple dipole attraction is taking place. Again one finds no association 
taking place between hydrogen chloride molecules, regardless of the con- 
siderable dipole moment. Finally, one may anticipate difficulty in 
correlating any of the properties of the hydrogen halides which involve the 
hydrogen, just as in the case of the acid strengths cited above. This would 
certainly appear to be true in regard to the tendency to form hydrogen 
bonds. One of the most interesting properties of the hydrogen halides is 
their tendency to form the so-called “onium” compounds. Those formed 
with ammonia are typical salts, but those formed with ether can scarcely 
be explained on any other basis than hydrogen bond formation. They 
exist in solution in a solvent of low dielectric constant and even in the 
gaseous state (4). The reported absence of dissociation of dry ammonium 
chloride in the vapor state is doubtful not because, as some have supposed, 
such a molecule could not exist, but rather because it could not be in 
equilibrium with the dissociation products. As a matter of fact there is 
some evidence that this dissociation reaction may be measurably slow in 
the dry state (8). It is true that solutions of ether and hydrogen chloride 
show some slight electrical conductivity and might be supposed to be other- 
wise largely dissociated into neutral molecules, but infrared absorption 
shows evidence of hydrogen bonding. The dipole moment of hydrogen 
iodide is so small that dipole interaction should be negligible. We have 
not investigated the other hydrogen halides with the infrared technique, 
but there is no doubt of their tendency to form compounds with ether and 
no evidence for any marked difference in their behavior. 

In the article referred to above it was shown that the clue to the appar- 
ently anomalous behavior of the hydrogen halides lies in the fact that 
imder certain circumstances the binding between hydrogen and halogen 
might undergo a marked change in character and beccnne nearly or com- 
pletely ionic. It is not necessary here to discuss at length the fact that 
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most chemical bonds can be described by a combination of homopolar and 
ionic wave functions. It is obvious that chemical bonds vary all the way 
from the strictly non-polar to the ionic type, the dipole moment being a 
rough measure of the amount of ionic binding, when the bond is between 
unlike molecules. In simple molecules in an isolated state no bond is of 
completely ionic type, not excepting the alkali halides. In a medium of 
high dielectric constant the ionic character is, however, favored by energy 
considerations. Perhaps the most nearly perfect example of an ionic bond 
is to be found in the FHF"" ion as it exists in solution or the crystal state. 
This is perhaps also the most perfect example of hydrogen bonding that 
we know. 

We may, therefore, assume that the formation of a hydrogen bond in- 
volves an increase in the ionic character of the bonding. Since these bonds 
are formed, however, in solutions of low dielectric constant or even in the 
vapor phase, it becomes important to explain how this comes about and 
to define the conditions under which it may be expected to happen. 

The explanation appears to be as follows: A proton attached to an 
atom by a pair of electrons may be attracted to a pair of electrons belonging 
to another atom. As a result of this attraction the proton moves away 
from the first pair of electrons and the bond becomes ionic in character. 
This can happen even when the molecules are not in a medium of high 
dielectric constant. 

This was the point of view taken by Latimer and Rodebush (3) in 1920 
in their attempt to explain the fact (well recognized even at that time) 
that the degree of ionization of an acid depends upon the basicity of the 
solvent. There seems to be no necessity to modify their viewpoint in its 
essential details. It is true that recent theory does not show the hydrogen 
atom to be linked to two pairs of electrons in covalent bonds, but the trans- 
formation to an ionic character, together with the possibility of resonance, 
allows us to retain the essential picture unaltered. 

We have thus two atoms, one of which acts as donor and one as acceptor 
of the proton. G. N, Lewis has aptly defined the basicity of an atom as 
the readiness with which it shares electrons with another atom. We see, 
therefore, that the more basic the atom, the more readily it acts as accep- 
tor, and of course we should likewise assume that the more acidic the atom 
to which the hydrogen is linked, the more readily it acts as donor. The 
dipole moment does not in general give us a direct measure of the acidity 
of a hydrogen atom in a molecule and, as we shall see later, it is not always 
easy to predict the tendency toward hydrogen bond formation. If the 
donor atom is sufiSciently acidic and the acceptor atom sufficiently basic a 
salt is formed as, for example, ammonium chloride, but hydrogen bond 
formation can always be considered to be an intermediate step, just as it is 
the initial step in the ionization of an acid. 

A negative ion is basic by virtue of its net charge, for example, F”*, where- 
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as a positive ion can hardly act as a base under any circumstance. If one 
considers only neutral molecules, however, then the basicity must in 
general be greater the smaller the dipole moment. This point is illustrated 
by the molecules ammonia, water, and hydrogen fluoride. 

It is interesting to consider the structure of the hydrogen fluoride ion, 
FHF~. Pauling has characterized it as ionic and has pointed out that 
formally it satisfies the condition that the coordination number for the 
proton is 2. This picture is undoubtedly essentially correct. If we as- 
sume, however, that the proton is equally distant from the two fluoride 
ions we find that the distance between the hydrogen and either fluorine, 
1.2 A., is somewhat less than we should expect for ions but somewhat 
greater than the distance of 0.92 A. found for the hydrogen fluoride mole- 
cule from the band spectrum. We may, therefore, conclude that the 
hydrogen fluoride ion involves both structures 

FHF- and F-RF 

with quantum mechanical resonance between them. The final result is 
a structure that is essentially ionic in character. 

So far as the authors are aware no hydrogen bond exists without a proton 
lying somewhere intermediate between two pairs of electrons. The exist- 
ence of a free pair of electrons held by a somewhat basic atom appears to 
be the essential condition for association of a molecule with the hydrogen 
of another molecule. It is the interaction with the pair of electrons that 
pulls the proton away from the pair of electrons to which it was originally 
attached and brings about the increase in the ionic character of the bond. 

INFRARED SPECTROSCOPY AS A METHOD OP DETERMINING THE EXISTENCE OF 

HYDROGEN BONDS 

Chemists, above all other scientists, know the value of experimental 
data as compared with speculation. If we can find under what conditions 
association through hydrogen takes place we shall be in a much better 
position to discuss the mechanism. While an enormous amount of chemi- 
cal data points overwhelmingly toward this type of a.ssociation, as we shall 
mention later, the method par excellence for the discovery of hydrogen 
bonding is that of infrared spectroscopy. It is not the place here to discuss 
the method in detail, but credit must be given to Wulf and his collaborators 
for discovery of its usefulness (1). The particular utility of the method of 
infrared spectroscopy lies in the fact that the vibrational frequency of 
hydrogen in a molecule is, because of the small mass of the hydrogen, 
nearly independent of the rest of the molecule. In table 1 is given the 
frequency in wave numbers for a number of molecules containing hydrogen. 
This frequency is the one which involves as a rule the stretching of the 
covalent bond by which the hydrogen atom is linked to the rest of the 
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molecule. In another column are indicated the relative intensities of 
absorption. Only the relative order of magnitude of intensity is given. 
It is not possible to determine molal absorption coefficients once and for 
all, because these vary with various factors, including resolving power and 
total concentration. 

The frequencies (table 1) are for the substances in dilute carbon tetra- 
chloride solution. It has been found that these frequencies are only 
slightly different from those for the same molecules in the vapor state, so 
that one may assume them to be entirely comparable. The advantages 
of working in solution are obvious, and for the study of association a solu- 
tion is of course necessary. 

Several comments may be noted in regard to the data of table 1. For 
example, judged by the vibrational frequency the O — bond is stronger 
than the C — H bond, yet the hydrogen of the f) — bond is much more 

TABLE 1 

Infrared absorption of hydrogen in various molecules 


MOLECULE 


ROH 

RCOOH 

RCOOD 

CChCOOH 

RaNH 

RCONHR 

C-“H (aliphatic) 

C" H (aromatic) 

CHClj 


FRBQDENCT ' 

INTEN8I1 Y 

cm.~» 1 


3640 ! 

Strong 

3550 1 

Strong 

2680 I 

Strong 

3520 : 

Strong 

3460 

Medium 

3450 

Medium 

ca. 2990 

Weak 

3075 j 

Weak 

3050 

Weak 


active. This activity involves the ionization of the hydrogen, so that 
one may say that in the case of hydroxyl the ionic type of bonding is 
favored because of the high effective nuclear charge of the oxygen atom. 
Even if the carbon- hydrogen linkage were transformed to the ionic type 
there would be little tendency toward dissociation because of the (pre- 
sumably) small ionic radius of the carbon, but one may suppose that the 
ionic t3T)e of binding has a much higher energy in the C — bond than 
the homopolar type. As an interesting comparison one may say that the 
dipole moment of the C — link is probably nearly as great as that of 
hydrogen iodide, but the latter linkage transforms much more readily to 
the ionic type. 

If we consider the frequency of the hydroxyl in various molecules we see 
that these vary from 3700 cm.—* for the alcohols to 3500 cm.-* for tri- 
chloroacetic acid. It is evident that here the change in frequency is a 
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measure of the acidity of the hydrogen. This variation in frequency 
appears to be entirely at variance with that noted in comparing the C — 
and O — H frequencies. Actually, however, if one assumes again that it is 
a measure of the decreasing strength of the homopolar bond, then it 
accounts for the greater tendency toward the ionic type of bonding that 
must accompany increasing acidity. 

On the other hand, the intensity factor must depend upon the amount 
of ionic binding present. The absorption coefficient depends upon the 
change in the dipole moment with the change in intemuclear distance, but 
this in turn varies as a rule with the absolute magnitude of the moment, 
so that it follows that the intensity increases markedly from C — to O — . 

In table 2 are listed the observed frequencies of the hydrogen for a 
number of molecules under conditions where association with the forma- 
tion of a hydrogen bond is believed to take place. In general it will be 


TABLE 2 

Shift in frequency upon formation of a hydrogen bond 


MOLSCULS 

ORiaiNAL FBSQUBNCT 

BOK0BD FBBQUBNCT 


cm.** 


ROH 

3640 

3330 

RCOOH 

3550 

3000-2670 

RCOOD 

2680 

2240 

RCONHR 

3450 

3330-3100 

HCl 

2850 . 

2415 

CHCl, 

3050 

2970 

MOLKCVLa 

BBNDINO FBEQUXNCIW 

HOH 

1610 

1640 

CHCl, 

2410 

2440 


noted that there is a marked shift toward longer wave length, the amount 
of the shift depending upon the activity of the hydrogen (10). In those 
cases where the shift is large the absorption band is usually broad, showing, 
in the case of the carboxylic acid complex, considerable structure. Further- 
more, there is in every case a marked increase in intensity of absorp- 
tion. 

It seems clear that we have here a method of great sensitivity and re- 
liability, since, in every case that we have tried, where there is any reason 
to expect association, we have observed this shift in frequency. This 
lowering of frequency is easily accounted for. The proton attached to a 
pair of electrons on one atom is attracted to another pair of electrons on 
an adjacent atom. These opposed attractions result in a reduction of the 
effective force constant with a considerable lowering of tiie frequency of 
vibration. 
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Even more significant, perhaps, is the marked increase in the intensity 
of the absorption. The increase in the ionic character of the binding upon 
the formation of a hydrogen bond must involve an increase in the separa- 
tion of the proton from the atom to which it was originally attached and 
an increase in the dipole moment. The significant thing for absorption 
intensity, however, is the ratio of the change in dipole moment to the 
change in distance, and the increase in ionic character of the binding must 
result in an increase in this coefficient. 

The foregoing considerations apply to the stretching frequency. The 
bending frequency, which is also infrared-active but of course much less in 
magnitude, should be increased, since the formation of a hydrogen bond 
introduces an additional constraint upon the lateral movement of the 
proton. The frequency observed at 2400 cm.~^ in the case of chloroform 
is, we believe, the first overtone of the bending frequency of the hydrogen, 
and it shows a marked increase in frequency when a chloroform-quinoline 
complex is formed. Another case of the increase in the bending frequency 
upon the formation of a hydrogen bond has been observed by Dr. R. C. 
Gore of this laboratory. The bending frequency of the water molecule in 
the vapor state is known to be 1596 cm.“‘ The frequency (6) in the liquid 
state because of hydrogen bonding is increased to 1630 cm.“‘, in contrast 
to the usual situation where the frequencies of a molecule in the liquid 
state are slightly greater than for the same molecule in the vapor state. 

One may tabulate the results of infrared study of hydrogen bonding as 
follows: 


IfODK or YIBRATION OF BTDROOSN 

FREQUENCY 

INTENSITY 

Stretching 

Vibration 

First overtone 
Fundamental 

Decreased 

Disappears 

Increased 

Bending 

First overtone 

Increased 

Increased 

Vibration 

Fundamental 

Increased 

Increased 


RESONANCE IN STRUCTURES INVOLVING HYDROGEN BONDS 

The probability that resonance occurs in the hydrofluoride ion has 
already been mentioned. In, the case of the carboxylic acid we have a 
particularly interesting behavior. A dimer is formed which has zero 
dipole moment and a complex infrared absorption pattern. Pauling (6) 
has shown by electron diffraction that an eight-membered ring is formed, 
the structure of which is quite symmetrical except for the hydrogens. 


O^HO 

/■ \ 

R— C C— R 

\ ^ 

0H-»0 
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It is obvious now that the hydrogens will exchange position in the respec- 
tive molecules, moving simultaneously in opposite directions as indicated 
by the arrows. This oscillation frequency is not very high, but it can be 
calculated presumably from the doublet separation observed in the infra- 
red spectrum, which is of the order of magnitude of 10 to 20 cm.~‘ 

If now we replace the hydroxyl group in the acids by an amino group, 
giving an acid amide, we may predict an interesting structure. 


H 

0 HN 

/■ \ 

R— C C— R 

\rH of 

H 



Fio. 1. Comparison of absorption spectra of gelatin and AT-ethylacetamide 

The transfer of the hydrogens would now result in what we might term a 
reciprocal enolization. Since we would now have hydroxyl instead of 
amino groups, we should no longer expect an oscillation, as one form might 
well be much more stable than the other. This reciprocal enolization is 
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actually observed in the case of the monosubstituted amide 

CJIsCONHCsHs 


Here we find a strong absorption at 3.0 ix, characteristic of a hydrogen- 
bonded hydroxyl and very little absorption due to the N — bond. How- 
ever, the absorption spectrum is entirely unlike that of the carboxylic 
acids, so that one cannot be sure of the correctness of the hypothesis of a 
dimer. 

As a matter of fact there is some evidence from freezing point data in 
favor of a trimeric fonuula for the amides. Furthermore, the amide 
molecule shown above is almost identical in structure with the peptide link 
in the proteins. A comparison of the absorption spectrum of the asso- 
ciated amide with that of gelatin shows a striking resemblance (see figure 1). 
It is, perhaps, of considerable significance that the trimeric formula for the 
associated amide bears a strong resemblance to the ring of Wrinch’s theory 
of protein structure (11). Another case wherein resonance is probably 
significant in the formation of a hydrogen bond is found in the case of the 
chelated compounds. For example, o-nitrophenol may be written with 
two structures, differing primarily in the point of attachment of the 
hydrogen 


H 

1 

0 

I 

c o 

/ \ il + - 
HC c ]Sr-(j 

I I 

HC CH 

\ / 

C 


H 


0 


H 


II I 

C () 

/ \ U - 

HC’ C=N— O 

HC C« 

'\ / 

C 

I 

H 


These compounds show the strong absorption in the 3.0 region, which is 
characteristic of hydrogen bonding, just as do intermolecular compounds. 

In the discussion just preceding we have been concerned with molecules 
which are capable of undergoing keto-enol transfonnation. This is a 
phenomenon of great importance in organic chemistry. It has been 
recognized for a long time that the ketonic and enolic forms are tautomers 
and that the relative amounts of the two forms are greatly influenced by 
the solvent. From our studies upon the phenomenon by means of infra- 
red spectroscopy we have concluded that the enolization of molecules 
always involves hydrogen bond formation. 
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ASSOCIATION A UNIVERSAL PHENOMENON 

The most striking result of the study of association through hydrogen 
by means of the infrared technique is that it appears to be a universal 
phenomenon. Thus, not only are polar liquids such as water completely 
associated through hydrogen bonds (containing no unbonded or “free” 
hydroxyl), but glucose, starch, and proteins are also. Likewise, while it 
has long been known that carboxylic acids are associated to a high degree 
in inert solvents, it is now found that alcohols, amides, oximes, etc. show a 
high degree of association in all except the most dilute solutions in a solvent 
such as carbon tetrachloride, where the infrared technique is particularly 
satisfactory. The great difficulty is that the polar molecules are nearly 
insoluble in non-polar solvents. In order to work in polar solvents it is 
necessary to use very thin films. 

The apparent importance of the hydrogen bond in biology is so far- 
reaching that one may easily be carried away in his enthusiasm over the 
possible implication of this coupling force. Not only do the large “mole- 
cules” found in nature appear to be held together by shared protons, but 
the gel-like structures formed by these “molecules” in combination with 
water would seem to depend on the same valence force for their stability. 
If this is true some of the most fimdamental biological problems should 
jdeld to obvious methods of attack, methods based on a theory of the 
valence forces rather than an empirical study of unexplained properties. 

Many years ago Dolezalek (2) attempted to account for all deviations 
from Raoult’s law in solutions by assuming association of one or both 
compounds. He carried this idea to absurd lengths. The recent work of 
Zellhoefer, Copley, and Marvel (12) on solubilities of organic substances 
shows, however, that Dolezalek was right in a surprising number of cases. 
They have been able to show in evejy case where the solubility is abnormal 
and there is a possibility of hydrogen bond formation that this fact alone 
will account for the abnormality. Particularly interesting cases arise 
when one component is capable of forming hydrogen bonds, both with 
itself and with the other component. 

Polar liquids 

The behavior of polar liquids has constituted a no-man’s land for the 
theory of dielectrics, in striking contrast to the achievements of this theory 
in other directions. Onsager has recently taken into account some effects 
overlooked by Debye, which apparently give satisfactory results for the 
strictly nonassociated polar molecules, e.g., nitrobenzene (5). For those 
molecules which are associated and capable of forming hydrogen bonds 
no purely electrical theory is likely to be adequate. 

The fact that there are two t 3 rpes of association was emphasized many 
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years ago by Latimer and Rodebush (3). The one type exemplified by 
the carboxylic acids involves the formation of dimers with zero dipole 
moment and a resulting non-polar liquid. On the other hand, water, 
alcohols, some amides, etc. form polymers which are probably chain-like 
in their arrangement. The polymers form a liquid phase of high dielectric 
constant with a tendency to form a glass at low temperatures. As yet 
not very much is known about the mechanism or structure of this polymer 
formation. 


WHAT ATOMS CAN FORM HYDROGEN BONDS? 

The picture of the bond given earlier in this paper is that of a hydrogen 
atom which is somewhat acidic being attracted to a pair of electrons belong- 
ing to a somewhat basic atom. If, however, the hydrogen is too acidic 
and the acceptor atom too basic, salt formation occurs, as with hydrogen 
chloride and ammonia. What appear to be limiting cases are given by 
the complexes formed between hydrogen chloride and ether on the one 
hand and chloroform and ether on the other. The hydrogen of chloroform 
does appear to us to be very active, but here we arc evidently dealing with 
something analogous to the case of hydrogen iodide; in the presence of an 
acceptor atom the hydrogen may become very much more polar. But we 
do not as yet know how to predict this behavior. For example, we have 
been unable to show any tendency toward hydrogen bond formation on 
the part of the hydrogen of aniline by the infrared study, yet the N — 
bond in aniline must have a larger moment than the C — bond in chloro- 
form. This brings up a final question about which we know very little, 
namely, the necessary condition for the hydrogen bonding between two 
like molecules. We know that the acid amides are strongly associated, 
as are practically all molecules containing hydroxyl, but that aniline, for 
example, is much less so, although other evidence indicates some associa- 
tion in various types of amines, including aniline and liquid ammonia 
itself. There is a very interesting class of complexes of the type formed 
between picric acid and anthracene. Here the evidence indicates a hydro- 
gen bond, but the shift in the frequency of the hydrogen of the anthracene 
is so small that it has only been observed upon the high-dispersion eche- 
lette-grating spectrometer in this laboratory. One would scarcely think 
of anthracene as containing an acidic hydrogen, but it is possible that a 
study of acidic and basic ionization constants under the proper conditions 
and in the proper solvents might lead to correlations which make possible 
the prediction of hydrogen bond formation in each instance where it occurs. 
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INTRODUCTION 

The present accepted theory of electrolytic solutions, as developed by 
Debye and Htickel, Onsager, and Bjerrum, accounts remarkably well for 
the properties of dilute electrolytic solutions on the basis of Coulombic 
interaction between the ions. The extension of this theory beyond the 
range of ordinary conditions has occupied the attention of physicists and 
physical chemists to such an extent that sight has been lost of many other 
interactions which, in certain cases, play a significant r 61 e in determining 
the properties of solutions of electrolytes. In this connection it is hardly 
necessary to recall the weaker acids and bases whose strength in aqueous 
solution is dependent upon the constitution of the substances in question. 
There are even salts which are weak electrolytes in aqueous solution and 
to account for whose properties it will doubtless be found necessary to take 
into consideration interactions other than the purely Coulombic. 

It is not the purpose of this paper to enter into a discussion of aqueous 
solutions of acids, bases, and salts, for there is already an extensive litera- 
ture relating to this subject. It is in non-aqueous solutions that certain 
interactions of the non-Coulombic type may be studied with particular 
ease under conditions that permit of simple interpretation of the observed 
results. It is proposed to discuss several distinct classes of substances: 
first, acids and bases; second, weak salts; third, salts involving protonic 
interaction; and fourth, salts having ions containing dipoles. 

ACIDS AND BABES 

In an aqueous solution the controlling factor that determines the strength 
of acids and bases as electrolytes is an active proton, due either to the 
dissolved substance or to the solvent molecules, which leads to interaction 
betw'een the molecules of solute and of solvent. Water functions both as 

! Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1038, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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acid and as base, as a result of which solutions of acids and bases in water 
differ from solutions of the same substances in most non-aqueous media. 
When a base, such as pyridine, is dissolved in a medium which has no 
active proton, there is no interaction and the solution shows no electrolytic 
properties. When, on the other hand, it is dissolved in a medium which 
has active protons, interaction occurs and the solution exhibits electrolsrtic 
properties. 

An acid may exhibit electrolytic properties whether the solvent in which 
it is dissolved has or has not an affinity for a proton of the acid. When the 
affinity of the solvent molecules for the proton is high, stable positive ions 
are formed and the solution of the acid exhibits the properties of a normal 
electrolyte, its strength being primarily determined by the size and con- 
figuration of the ions. This, for example, is the case for solutions of acids 
in liquid ammonia, where the ammonium ion is very stable and there is no 
essential difference between the properties of ammonium salts and of cor- 
responding salts of other ions such as the ions of the alkali metals. 

When an acid is dissolved in a medium which has no affinity for the 
proton, the properties of the resulting solution are largely determined by 
quantum forces acting between the proton and the negative constituent of 
the acid. With a few e.xceptions such solutions are extremely weak electro- 
lytes, even when the dielectric constant of the solvent medium is high. 
Thus, hydrogen chloride dissolved in nitrobenzene, of dielectric constant 
35, is a very weak electrolyte, while perchloric acid dissolved in the same 
solvent is a rather strong electrolyte. Obviously the energy necessary to 
separate the proton from the perchlorate ion, due to quantum force,s, is 
much lower than the corresponding energy in the case of hydrogen chloride. 
As yet there are too few reliable data relating to the properties of solutions 
of acids in solvents having no aflSnity for the proton to enable us to obtain a 
clear picture of the underlying mechanism of their dissociation into ions. 

WEAK BALTS 

Salts of strongly electropositive ions with negative ions behave like typ- 
ical electrolytes in all solvents, regardless of whether the negative ion is 
strongly or weakly negative. The dissociation constant depends upon 
governing parameters, such as dielectric constant and temperature, and 
upon the energy necessary to separate the ions from their ion pairs under 
the action of Coulomb forces. Thus, in liquid ammonia sodium triphenyl- 
germanide, or even sodium triphenylmethide, is a much stronger electrolyte 
than is sodium chloride, the reason for this being that the triphenylgerman- 
ide ion is much larger than the chloride ion and the energy necessary to 
separate the two ions due to Coulomb forces is correspondingly lower. 

In the case of salts of weakly positive constituents with strongly negative 
constituents the situation is a different one. These electrol 3 rtes are weaker 
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the less electropositive the positive constituent. The weakly positive ions, 
in general, have a valence greater than unity, and this change in valence 
complicates a study of the relationship between the strength of the electro- 
lyte and the electropositiveness of the positive constituent. This difficulty 
may be overcome by satisfying all but one of the valences of the positive 
constituent by organic groups, leaving only one valence that may have 
electropolar properties. Thus we have such substances as methylmercury 
chloride, trimethyltin chloride, triphenylmethyl chloride, and the like. 
These substances, as a rule, are soluble in water, as w^ell as in other solvents, 
and form electrolytic solutions, although they are always more or less 
hydrolyzed in aqueous solutions and sometimes the degree of hydrolysis 
is too high to permit of their study. All these substances may conveniently 
be studied in solution in non-aqueous solvents. Trimethyltin chloride is 
only a moderately strong electrolyte in ethyl alcohol solution, having a 
dissociation constant of 0.35 X 10~^. Other substances of this type in 
alcohol, or other suitable solvents, are distinctly weaker electrolytes than 
arc normal salts, indicating that quantum forces are involved. 

When substances of the type of trimethyltin chloride or triphenyl- 
methyl chloride are dissolved in a solvent medium, the appearance of 
electrolytic properties depends upon interaction between the positive 
constituent of the compound and the solvent molecules. As stated, tri- 
inethyltin chloride is a fairly good electrolyte when dissolved in ethyl 
alcohol (dielectric constant 26), but it is a very weak electrolyte when 
dissolved in nitrobenzene (dielectric constant 35). So, also, triphenyl- 
methyl chloride is a good electrolyte in liquid ammonia, of dielectric 
constant 22, but a very poor electrolyte in nitrobenzene. The interaction 
which occurs is illustrated by the following equation : 

(C6H5)aCCl + NHa = [(C6H5)3C:NHa]+ + Cl- 

The reaction is closely analogous to the corresponding reaction between 
triphenylboron and ammonia, which takes place as follows: 

(C3H6)3B + NHa = (C6H5)3B:NH3 

The only difference between the two is that in one case the complex formed 
is positively charged and in the other case it is neutral. A compound such 
as triphenylmethyl chloride, if dissolved in an inactive solvent of high 
dielectric constant, may exhibit electrolytic properties if the energy neces- 
sary to separate the two constituents is not too high. This energy is 
dependent upon the quantum forces involved. When this energy is small, 
as it is in the case of certain groups, electrolytic properties result. Thus, 
while triphenylmethyl chloride is a very poor electrolyte in nitrobenzene 
solution, triphenylmethyl perchlorate is a rather good electrolyte. In this 
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respect the triphenylmethyl compounds, as well as other similar com- 
pounds, resemble the corresponding acids which were mentioned above. 

SALTS INVOLVING PROTON INTERACTION 

Any negative ion tends to interact with an active proton attached to a 
positive ion. The extent to which such interaction may influence the 
properties of the resulting solution will depend upon the nature of the 
solvent molecules themselves. When a partially substituted ammonium 
salt is dissolved in a solvent medium the molecules of which have no affin- 
ity for the proton, interaction takes place between the negative ion and the 
proton of the positive ion. In other words, there is formed what is com- 
monly known as a hydrogen bond, the energy of rupture of which may be 
much higher than the energy necessary to overcome the Coulombic forces 
acting between the ions. When, on the other hand, the same substance 
is dissolved in a solvent which has a marked affinity for the proton, such as 
ammonia, the electrolyte behaves normally and in solution will be as strong 
as any normal electrolyte having ions of the same size. 

In table 1 are given dissociation constants for a number of ammonium 
salts dissolved in nitrobenzene, ethylene chloride, and pyridine, respec- 
tively, together with the constants for several quaternary salts in the same 
solvent. 

Considering, first, substituted ammonium picrates in nitrobenzene, it 
will be noted that the dissociation constants for monobutyl- and dibutyl- 
ammonium picrates have practically the same value, 1.6 X 10"^. The 
dissociation constant of ammonium picratc in the same solvent has not been 
precisely determined, but it cannot differ from this value by more than a 
few per cent. On substituting the third hydrogen of the ammonium ion 
by a butyl group, the dissociation constant is raised to 1.9 X 10~^, indicat- 
ing that the energy due to Coulombic interaction is appreciable although 
small. That the Coulombic forces affect the energy appreciably is shown, 
moreover, by the fact that the dissociation constant of trimethylammonium 
picrate is 1.46 X 10~^, which is about 25 pcr-cent lower than the dissocia- 
tion constant of tributylammonium picrate. The dissociation constant of 
tetrabutylammonium picrate is greater than 0.2; the substitution of the 
last hydrogen of the ammonium group, therefore, raises the constant 
approximately one thousand times. 

The dissociation constant of butylammonium perchlorate is 25.2 X 10~<, 
as against 1.50 X 10~^ for the corresponding picrate. Here we see the 
influence of the markedly weaker afifinity of the perchlorate ion for the 
proton as compared with that of the picrate ion. 

In ethylene chloride the influence of the proton closely parallels that 
found in benzene. Tetramethylammonium picrate has a dissociation 
constant of 0.326 X 10~‘ in ethylene chloride, while psrridonium picrate 
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has a dissociation constant of approximately 4 X 10“*. Again, the disso- 
ciation constant of a quartemary salt is approximately one thousand times 
greater than that of the partially substituted ammonium salt. It is 
interesting to note that pyridonium perchlorate has a dissociation constant 
of 50 X 10~* (approx.), which is in accord with the results found for 
perchlorates and picrates in nitrobenzene. 

All the ammonium type of salts when dissolved in pyridine have a nearly 
normal dissociation constant. Thus, pyridonium nitrate has a dissocia- 
tion constant of 0.51 X 10“^, while phenylpyridonium picrate has a disso- 
ciation constant of 11.5 X lO'^. The nitrates are generally somewhat 
weaker than the picrates because of the smaller size of the nitrate ion, but 


TABLE 1 

Dissociation constants of electrolytes in different solvents* 


SALT 


SOLVENT 


K 


Ammonium picrate 
Butyl ammonium picrate 
Di butyl ammonium picrate 
Tributylammonium picrate 
Trimethylammonium picrate 
Tetrabutylammonium picrate 
Butylammonium perchlorate 
Pyridonium picrate 
Pyridonium perchlorate 
Tetramethylammonium picrate 
Pyridonium nitrate 
Piperidonium nitrate 
Phenylpyridonium picrate 
Ammonium picrate 


, Nitrobenzene 
Nitrobenzene 
Nitrobenzene 
j Nitrobenzene 
Nitrobenzene 
Nitrobenzene 
Nitrobenzene 
, Ethylene cliloride 
Ethylene chloride 
Ethylene chloride 
Pyridine 
Pyridine 
Pyridine 
! Pyridine 


I 1.5 X 10~‘ (approx.) 
I 1.50 X 10”* 
j 1 61 X 10-* 

, 1.90 X 10”* 

I 1.46 X 10-* 

> 0.2 

25 2 X 10“* 

4 X 10”® (approx.) 
,50 X 10”* (approx.) 

' 0.326 X 10“* 
j 0.509 X 10”* 

: 0.184 X 10”* 

11.5 X 10”* 

* 2.87 X 10”* 


* The values presented in tables 1 and 2 are due to Messrs. J. B. Ramsey, E, G. 
Taylor, D. J. Mead, L. M, Tucker, and C. R. Witschonke. Details will be published 
in due course. 


the value obtained for pyridonium nitrate may indicate a slight interaction 
of the proton with the nitrate ion. Piperidonium nitrate, quite surpris- 
ingly, has a dissociation constant of 0.184 X 10"^, indicating an interaction 
due to the proton. Apparently a proton interaction is influenced some- 
what by the saturation or unsaturation of the groups attached to nitrogen. 
The dissociation constant of ammonium picrate is 2.87 X 10“^, indicating 
that ammonium picrate is a normal type of electrolyte when dissolved in 
pyridine. 

Taking into account the difference in the behavior of ammonium salts 
in pyridine and in nitrobenzene or ethylene chloride, it seems clear that the 
low value of the dissociation constants in the latter solvents is due to 
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interaction between the negative ion and the proton of the positive ion. 
The absence of such interaction in the case of pyridine solutions is doubt- 
less due to the fact that, because of the relatively high affinity of the 
pyridine molecule for the proton, the interaction of the proton of the 
positive ion takes place with a pyridine molecule rather than with a nega- 
tive ion. 


SALTS OF POSITIVE IONS CONTAINING DIPOLES 

Heretofore we have had very little information as to the possible in- 
fluence of substituents other than alkyl or aryl groups in positive ions. 
All salts are so highly dissociated in water that aqueous solutions do not 
lend themselves to a study of the relation between constitution and disso- 
ciation constant. In solvents of lower dielectric constant, the dissociation 
constants of salts may be readily determined and the influence of various 
substituents may be investigated. 

Choline, hydroxyethyltrimethylammonium hydroxide, is a base in which 
one hydrogen of the ethyl group of ethyltrimethylammonium hydroxide 
has been substituted by a hydroxyl group. It gives rise to a scries of salts 
which are knowm as choline salts. Other atoms or groups of atoms may be 
similarly substituted. Thus the halogens (chlorine, bromine, and iodine) 
may be substituted in place of the hydroxyl group in the case of the normal 
choline salts. Many similar substitutions may be made. 

In table 2 are given dissociation constants for a number of salts of 
the choline type, dissolved in nitrobenzene, ethylene chloride, and py- 
ridine. 

Considering, first, solutions of various choline salts in nitrobenzene, it 
will be observed that there is a marked decrease in the dissociation constant 
due to the hydroxyl group. Thus, ethyltrimethylammonium picrate has a 
dissociation constant of 575 X 10"^, while hydroxyethyltrimethylam- 
monium picrate has a dissociation constant of 67 X lO"^. The correspond- 
ing methyl derivative is markedly stronger, having a dissociation constant 
of 199 X 10"^. Methoxytrimethylammonium picrate and methox 3 unethyl- 
trimetbylammonium picrate have dissociation constants of 269 X 10~^ and 
262 X 10~*, respectively, indicating a slight, and nearly identical, effect 
due to the introduction of the polar groups CH»0 — and CHsOCH* — . 

In ethylene chloride the relationships are similar to those just described 
in nitrobenzene. The dissociation constant of ethyltrimethylammonium 
picrate is 0.46 X 10~<, while that of choline picrate is 0.066 X lO'*. In 
this solvent the hydroxymethyltiimethylammonium picrate, having a 
constant of 0.088 X 10~*, is again stronger than the corresponding ethyl 
derivative. There seems to be a rather close parallelism between the 
dissociation constants in nitrobenzene and in ethylene chloride. 

It is interesting, also, to note the dissociation constants of some of the 
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halogen-substituted cholines, such as bromoethylcholine picrate, with a 
dissociation constant of 0.132 X 10-<, and bromomethylcholine picratc, 
whose constant is 0.078 X 10~*. Other cholines have been measured with 
results similar to those given above. 

When dissolved in pyridine the cholines seem to have normal strength. 
For example, ethyltrimcthylammonium picratc has a dissociation constant 
of 8.2 X 10“^, while hydroxyethyltrimethylammonium picrate has a dis- 
sociation constant of 9.5 X 10-^. The hydroxymethyl compound, having 
a dissociation constant of 5.5 X 10^*, is distinctly weaker than the cor- 
responding ethyl derivative. Both bromoethyltrimethylammonium pic- 
rate and bromomethyltrimethylammonium picrate are distinctly weaker 
than choline picrate. 


TABLE 2 


DisBociaiion conslanis of some choline salts 


SALT 

/cxio* 

Nitro- 

benzene 

Ethylene 

chloride 

Pyridine 

Tetrabutylammonium picrate 

>0.2* 

2.18 

12 2 

Hydroxyethyltrimethylammonium picrate . . 

67.0 

0.0659 

9.49 

Hydroxymethyl trimethylammonium picrate . 

199 0 

0.0879 

5.55 

Phenylhydroxydimethylammonium picrate . . . . 

0.177 


12.27 

Hydroxytrimethylammonium picrate 

0.173 



Methoxy trimethyl ammonium picrate 

269.0 



Methoxymetbyl trimethylammonium picrate 

262.0 

0.254 


Brom oethy 1 trime thy lammon i um pi crate 


0 132 

5 85 

Bromomethyltrimethylammonium picrate 


0.078 

4.79 

Ethyltrimethylammonium picrate 

575 0 

0.460 

8.21 


* Actual value. 


At first sight, one would be inclined to ascribe the lower dissociation 
constant of the choline type of salts to the presence of dipoles in the posi- 
tive ion. These might well affect the energy of separation of the ion pairs 
to an appreciable extent. On the other hand, it remains to account for the 
fact that in the case of pyridine the cholines have normal strength. This 
would rather seem to indicate that an interaction which occurs in nitro- 
benzene and in ethylene chloride does not occur in pyridine. In this 
respect the choline salts resemble the partially substituted ammonium 
salts in their behavior, although to a much lesser degree. 

Very striking are the values found for phcnylhydroxydimethylam- 
monium picrate and hydroxytrimethylammonium picrate in nitrobenzene, 
the constants having values of 0.177 X 10"^ and 0.173 X 10~^, respec- 
tively. The dissociation constants of these salts are about one-tenth that 
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of the corresponding partially substituted ammonium salts. In pyridine 
phenylhydroxydimethylammonium picrate has a dissociation constant of 
12.27 ; if ansrthing, it is a rather strong salt in that solvent. This indicates 
that low values of the dissociation constants of these electrolytes in nitro- 
benzene are probably due to interaction of the negative ions with the pro- 
ton of the hydroxyl group attached to nitrogen. When this group is 
attached to a carbon atom which, in turn, is attached to nitrogen, the dis- 
sociation constant is much higher, as in the case of hydroxymethyltrimeth- 
ylammonium picrate, for which K = 199 X 10~*. It seems, therefore, 
that the two last named compounds should be classed with the ammonium 
type of compounds, in that their interaction appears to be due to the 
presence of an active proton located in the positive ion. 
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INTRODUCTION 

It is a part of the program of this laboratory to study thermodynamic 
and other properties of electrolytes in non-aqueous solvents by the methods 
(12) that we have already used for aqueous solutions. These methods 
included e.m.f. measurements of cells with transference, conductances, and 
measurements of transference numbem by means of moving boundaries. 
It has been found, however, that the extension of the last-mentioned 
method to non-aqueous solvents introduces a number of difficulties. For 
example, most non-aqueous solutions have low'cr conductances than the 
corresponding aqueous solutions, with the result that boundary disturb- 
ances due to thermal convection arc more serious in these solvents than in 
water. It seemed desirable, therefore, to test the moving-boundaiy 
method in water-methanol mixtures where the transition from aqueous to 
non-aqueous solvents could be made gradually. Using “autogenic’’ 
boundaries, a cadmium anode and narrow tubes, we were able to obtain 
satisfactory cation boundaries with sodium and lithium chlorides in sol- 
vents having a methanol mole fraction of 0.8 or less. The boundaries in 
pure methanol, how'ever, were distorted and did not give reproducible 
values. This diflSculty has not yet bwn overcome. The data ob- 
tained in the aqueous methanol solutions are reported below. The 
viscosities of water- methanol mixtures were also determined, since the 
existing viscosity data are insufficient for correlation with the observed ion 
conductances. 


EXPERIMENTAL 

The methanol used in this research was a synthetic product which was 
refluxed and distilled from anhydrous copper .sulfate. The specific con- 
ductance and density of the distillate were 1.1 X 10~’ mhos and 0.78657 g. 
per cubic centimeter at 25°C., respectively. Accepting 0.78653 (10) as 

* Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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the density of pure methanol, our sample contained 0.024 mole per cent of 
water, which was taken into account in computing the mole fractions of the 
various mixtures prepared from this material. 

The densities of the solvents and solutions were measured to about 
0.002 per cent in the pycnometer described in connection with our trans- 
ference measurements in mixtures of light and heavy water (11). The 
values for the water-methanol mixtures agreed satisfactorily with those 
of Gibson (9) throughout the entire range of composition. 

The apparatus and methods used in the transference number determina- 
tions were similar to those used for aqueous solutions of lanthanum chloride 
and have been fully described (13, 14). 

TABLE 1 


Trant/erence and conductance measurements of solutions of sodium and lithium 
chlorides in water-methanol mixtures at S6’‘C. 


^CHiOH 

CONCENTRATION 


A 

Sodium chloride 

0.0000 

0.05000 

0.3876 

111.05 

0.1015 

0.05006 

0.4049* 


0.2022 

0.04998 

0.4182 

62.20 

0.4020 ! 

0.05062 

0.4306 

53.47 

0.6027 

0.05002 

0.4411 

53.12 

0.8007 

0.05008 

0.4475 

55.78 

Lithium chloride 

0.0000 

0.05000 

0.3211 

100.14 

0.1006 

0.05130 

0.3242 

67.85 

0.2008 

0.05146 

0.3292 

54 03 

0.4027 

0.05177 

0.3412 

46 24 

0.6020 

0,05019 

0.3601 

46.52 

0.8024 

I 0.05054 

0.3804 

j 49.75 


The observed cation transference numbers, T+, of approximately 0.05 
normal solutions of sodium and lithium chlorides are recorded in the third 
column of table 1. The first column of this table contains the mole frac- 
tion of methanol, in the mixture used as solvent for the salts and 

the second column the exact salt concentration of the solution in equiva- 
lents per liter. Owing to a lack of density data no volume correction (13) 
has been applied to the transference numbers of table 1. At a salt con- 
centration of 0.05 normal, however, this correction does not change the 
values by more than a few hundredths of a per cent. 

The reliability of the transference data of table 1 was indicated by the 
following facts. There was strict proportionality between the volume 
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displacement of the boundary and the quantity of electricity passed. The 
boundaries were not distorted. The transference numbers were found to 
be independent of the current density used and of the diameter of the tube 
in which the boundaries were observed. 

The equivalent conductances, A, of all solutions used in transference 
experiments were measured on the bridge described by Shedlovsky (16) 
and are recorded in the last column of table 1. The corrections which 
would be necessary in order to reduce these values to a concentration of 
exactly 0.05 normal are small enough not to affect any of the conclusions of 
this paper. The conductivity cell, with truncated cone electrodes, had a 
constant of 7.6353 on the basis of 0.012856 for 0.1 demal potassium chloride 
at 25“C. 

The viscosity measurements were made with the aid of a quartz vis- 
cometer of the type described by Washburn and Williams (20). The 
instrument was filled with the aid of a filtering weight buret especially 
designed for the purpose. A working volume of approximately 50 ml. was 
used, the exact value being determined from the weight of liquid drawn 
from the buret. Correction of the time of efflux for water to the actual 
volume was made with the aid of the experimentally determined relation 

efflux time for HjO = 363.07 + 0.468 (working volume — 50) 

The viscometer constants, which are necessary in making the kinetic energy 
correction, are as follows; length of capillary, 17.4 cm.; diameter of capil- 
lary, 0.0540 cm. ; average head, 20.1 cm. ; efflux volume, 9.50 ml. 

A special design of the viscometer support provided a rapid and con- 
venient method for obtaining a reproducible position of the instrument 
in the thermostat. The viscometer was permanently mounted in a brass 
frame provided with three hardened steel pins as shown at a, b, and c in 
figure 1 . Those pins were the points of contact between the frame and the 
rigid supporting arm, A. Pin a rests in a conical hole in the hardened 
steel block a', b in a v-shaped groove in b', and c presses against a polished 
steel disc c'. With this arrangement the viscometer automatically comes 
to rest in the thermostat in a definite position. 

The time of efflux was measured with a counter reading directly to 0.01 
sec. and driven through a clutch by a synchronous motor. Efflux times for 
successive fillings exhibited an average deviation from the mean of 0.02 
per cent. ' 

The results of the viscosity measurements are recorded in table 2. In 
this table the mole fractions of the mixtures arc given in the first column 
and their densities in column 2. Owing to the magnitude and uncertainty 
of the kinetic energy correction we have reported in the third column of the 
table the values of the ratio, td/tvdo, in which d denotes density and f the 
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time of efflux, the subscripts referring to water. In applying the correc- 
tion to this ratio a value of 1.12 for m in the general viscosity equation (3) 
was used. The relative viscosities, corrected for kinetic energy but not 
for surface tension, are recorded in the last column of table 2. A short 
extrapolation gives a value of tj/tio = 0.6050 for pure methanol. This 
may be compared with the value 0.6056, also uncorrected for surface ten- 



TABLE 2 


Viscosity measurements of water-methanol mixtures at iS"C. 


JVcHiOH 

0 

id 

todi) 

JL 

Vo 

0.0509 

0.98196 

1.2520 

1.2556 

0.1014 1 

0.96946 

1.4779 

1.4842 

0.2015 

0.94708 

‘ 1.7437 

1.7529 

0.4020 

0.90243 

1.6567 

1.6654 

0.6027 

0.85997 

1.2913 

1.2966 

0.7954 

0.82242 

0.9310 

0.9325 

0.8945 

0.80461 

0.7630 

0.7623 

0,9992 

0.78666 

0.6091 

0.6060 


sion, obtained by Jones and'Fomwalt (10) in a viscometer similar to ours. 
The discrepancy between the two values probably arises from differences 
in the computetion of the kinetic energy correction. 

DISCUSSION OF RESULTS 

From the data of table 1 the conductances of the ion constituents, 
X = TA, have been computed and the results are given in table 3. In 
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correlating ion conductances with the viscosity of the solvent it is desir- 
able to use the limiting conductances, Xo, thereby eliminating the effects 
of ion-ion interaction. Since the three ions listed in table 3 were found 
to behave similarly in water-methanol mixtures, we have selected the 
lithium ion as example in the following discussion. Approximate values of 
Xo for this ion in each of the mixtures have been computed and are given 
in the last column of the table. These computations were made with the 
aid of the assumption that 1/X varies linearly with \/C and has the theo- 
retical slope (17). Sufficient data are available to test the validity of this 
extrapolation in water and in methanol. The tests indicate that values 
of Xo computed in this manner are not in error by more than about 1 per 
cent, the error being greatest in the water-rich mixtures. 

In figure 2 curve A shows the variation of Xo for the lithium ion with the 
mole fraction of methanol. Curve B indicates the corresponding varia- 
tion of the viscosity of the solvent. It will be observed that whereas curv^e 


TABLE 3 

Ion conductances in water-melhanol mixtures at 25^C. 


^CHaOH 

.NaCl 

^Na 

xLiCl 

vNaCl 

.LiCl 

V, 


0.0 

43.04 

32.16 

68.01 

67.99 

39.3 

0.1 

31 .21 

22.00 

45.87 

45.85 

27.2 

0 2 

26.01 

17.79 i 

f 36.19 

36 24 

1 22.4 

0 4 

23.02 ! 

15.78 ! 

i 30 45 

30.46 

1 20.9 

0.6 

23 43 

16.75 

1 29 69 

29.77 

i 23.7 

0.8 

24.96 

18.92 

30 82 

30.82 

; 28.9 


A is concave to the mole fraction axis curve B is convex to this axis. If 
Walden\s rule, 

Xo-t? = constant 

were valid a plot of the product of the ordinates of these two curves would 
be a horizontal line. The actual values of this product are plotted in curve 
C and it will be seen that, after a slight maximum in water-rich mixtures, 
the curve is linear with a sharp descent. Walden^s rule, based as it is on 
Stokes^ law, tacitly assumes that the size of the ion-solvent complex is 
independent of the medium. The trend of curve C indicates that the 
lithium-ion complex increases in size with increasing mole fraction of 
methanol. 

Walden's rule appears to be valid for large ions (18), such as the tetra- 
alkylammonium ions, whose fields are, presumably, too w’^eak to orient 
solvent dipoles. However, Born (6) and Schmick (16) have shown that 
the fields about small ions are sufficiently intense to orient dipoles of the 
solvent about them and hold at least a portion of these solvent molecules. 
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It is not surprising, therefore, that the Walden rule is not applicable to 
these i(m-8olvent complexes, since the customary methods of testing the 
rule, i.e., variation of the viscosity by changes of temperature, pressure, 
solvent, etc., are almost certainly accompanied by changes in this complex. 

Additional evidence for an increase in the size of the htbium ion-solvent 
complex with increasing mole fraction of methanol may be obtained from 
a consideration of the apparent molal volume of Uthium chloride in solution. 
Thus the salt has an apparent volume of 17.0 ml. in water (8) and —3.8 
ml. in methanol (19), whereas the molal volume in the crystal is 20.5 ml. 
The contraction occurring on solution in water has been explained (2) as 
due to orientation of water dipoles about the ions, the solvent molecules 



Fig. 2. Ion conductance-viscosity relations in water-methanol mixtures. Curve 
A, limiting conductances, Xo, of the lithium ion. Curve B, relative viscosities, 

of the solvent mixtures. Curve C, a plot of the Xo*— product. Curve D, a plot 
770 Vo 

of the Xq 




product. 


of the ion-water complex being more closely packed, presumably, than in 
normal water. The still greater contraction observed in methanol sug- 
gests that the ion-methanol complex is lai^er than the ion-water complex. 

In the X- - NcBon curves for each of the three ions studied, a slight 
Vo 

maximum occurs in the water-rich mixtures, being more pronounced for 
the sodium ion than for the lithium and chloride ions. In terms of the 
hypothesis discussed in the preceding paragraphs this would indicate a 
slight decrease in the size of the ion-solvent complex compared with its 
value in water. It is in this region of solvent composition that the com- 
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ponents exhibit the largest deviations from Raoull’s law, indicating con- 
siderable interaction. It does not seem improbable that this dipole-dipole 
interaction occurs at the expense of the ion- dipole interaction, thereby- 
reducing slightly the size of the ion-water complex. Empirically, the 
maximum in curve C of figure 2 disappears if the viscosity is raised to a 


fractional power. 


Thus Xo 



is very nearly linear with the mole frac- 


tion as shown by curve D. This is also true for the data on the chloride 
and sodium ions. Though frequently used, no theoretical justification of 
these fractional exponents has been advanced. 


Additivity of ion condudances in water-methanol mixtures 

As indicated in columns 4 and 5 of table 3, the agreement between the 
chloride-ion conductances of the two alkali chlorides furnishes striking 
evidence of the equal ionization of these two salts in a given water-methanol 
mixture. These salts are completely dissociated in water, and it seems 
reasonable to assume that they are also completely dissociated in the 
water-methanol mixtures. This assumption is obviously the simplest 
explanation of the observed additivity of ion conductances. It is also in 
agreement with modem theories of ionic solutions. For example, Fuoss 
and Kraus (7), in their extension of the Bjerrum concept (4) of ion asso- 
ciation, point out that in a solvent of a given dielectric constant ions above 
a certain critical size cannot form pairs. This size, o, “the Bjermm dis- 
tance,” is given by the relation 

_ e* 

® ~ 2DkT 


in which the symbols have their usual significance. For water at 25®C. 
a = 3.5 A., while for a water-methanol mixture of Ncaas = 0-8 and a 
dielectric constant of 37.7 (1), a = 7.4 A. Thus, in terms of this theory 
the sums of the radii of the solvated anion and cation must be at least 
3.5 A. in water and 7.4 A. in the mixture for which iVcHiOH = 0-8 if no ion 
pairs are to be formed. 

Brown and Macinnes (6) obtained 4.45 A. as the distance of closest 
approach for the ions of sodium- chloride in water from an application of 
the Debye-Huckel equation to their activity measurements. Similar 
measurements are not available for water-methanol mixtures, but if we 
can assume that the Xotj product is a measure of the size of the ion- solvent 
complex a tentative value of a for sodium chloride in the mixture for which 
^CHiOH = 0.8 may be computed from the relation 


o(iV’cH»OH = 0.8) = 


ApiifArcHsOH = 0-0) 4 45 

Aorf(NcHtOH = 0.8) 
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The value thus computed is 7.77 A. This is somewhat larger than the 
critical size of 7.4 A., which is necessary if no ion pairs are to be formed. 
Consequently our conclusion that sodium and lithium chlorides are com- 
pletely dissociated in water-methanol mixtures is in apparent agreement 
with the theories of Bjerrum and of Fuoss and Kraus. 

SUMMARY 

Transference and conductance measurements of 0.05 normal solutions 
of sodium and lithium chlorides in water-methanol mixtures have been 
made, together with determinations of viscosity. The product of the 
equivalent ion conductance and the viscosity deviates greatly from Wal- 
den’s rule and indicates increasing size of the ion-solvent complex with 
increasing methanol concentration. 

In a given solvent the chloride-ion conductances of the two salts are 
very nearly equal. This is in accord with the assumption of the complete 
dissociation of sodium and lithium chlorides in these solvents. 
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In their pioneer investigation on the dissociation constant of heavy 
water, Abel, Bratu, and Redlich (1) measured the cell 

(I) l >2 1 DCl(m in D,0) | AgCl-Ag 

Although correctly treated in principle, the limited amounts of heavy 
water available at that time rendered measurements difficult. Further- 
more, at the conclusion of their investigation these authors recognized 
that their results at intermediate deuterium concentrations were uncertain, 
owing to the fact that the gas bubbled over the electrode differed in deu- 
terium content from that in equilibrium with the solvent (8). The 
interpretation of the small e.m.f. differences wh(‘n the atom fraction of 
deuterium in the solvent, designated as Fo or n, is varied requires a higher 
order of precision than they were able to obtain. 

We have measured cell I at 25'’C. over a wide range of deuterium con- 
tent with a microcell employing the principle of the Clark rocking elec- 
trode (4). This type of cell possesses an advantage for work with heavy 
water in that it is possible to start wth a small volume of pure hydrogen 
and to establish the exchange equilibrium between the gas phase and the 
bulk of the solvent of a given deuterium content in a reasonable time by 
means of the platinized electrode. Under these conditions the same 
e.m.f. ’s are obtained when either pure deuterium or pure hydrogen is the 
initial gas phase. Furthermore the gas is conserved, the pressure on the 
closed system can be carefully regulated, and the complete removal of 
oxygen is effected. 

Aside from the inherent interest in the thermodynamics of deuterium 
chloride in deuteriulti oxide, a precise value for E® of cell I is necessary 
for the determination of dissociation constants of acids in deuh'rium oxide, 

* Presented at the Symposium on Intermolecular Action, held at Brown University, 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 
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as well as the dissociation constant of deuterium oxide itself, from cells 
without transference, using the deuterium gas electrode. 

By subtracting cell I from the corresponding cell II, employing protium 
oxide as the solvent 

(II) H, 1 HCl(m in H*0) 1 AgCl-Ag 

the free energy change of the following process may be determined. 

1/2 H, + DCl(m in DjO) = 1/2 D, + HC1 (to in H,0) (1) 

Abel, Bratu, and Redlich (1) obtained 3.4 millivolts for the e.m.f. of 
process 1 when extrapolated to pure deuterium oxide. Their results 
also indicated that there might be a maximum in the b.h.f. of process 
1, as written above as a function of the deuterium content of the solvent. 
A single measurement of Drucker (5), when Fj) = 0.89, yielded the value 
5.4 millivolts, suggesting that this maximum might be greater than was 
previously suspected (8). 

Confusion has appeared in the recent literature in an attempt to recon- 
cile Schwarzenbach, Epprecht, and Erlenmeyer’s (14) value of —2.2 
millivolts for a cell with transference with Abel, Bratu, and Redlich's 
value of 3.4 millivolts (13). This investigation was undertaken to refine 
and clarify the knowledge of the behavior of hydrogen chloride in protium 
oxide-deuterium oxide mixtures. 

BXPBBIMENTAL 

Dry hydrogen chloride gas was passed into heavy water until the con- 
centration reached 9 per cent. This stock solution was analyzed gravi- 
metrically at the beginning and end of the research ; it remained constant 
to 6 parts in 10,000, corresponding to an uncertainty in the e.m.f. of 
±0.02 millivolt. Heavy water was purified by molecular distillation in 
vacuo from alkali and then from potassium dichromate, organic matter 
being removed when necessary by beating with alkaline permanganate. 
Density determinations were made in a combined pycnometer and con- 
ductance cell. The specific conductance of the water was less than 
2 X 10“* mhos. The water was transferred directly from the pycnometer 
to a small flask and weighed. Deuterium chloride stock solution was 
added from a micro weight buret. The solution was then boiled in vacuo 
to remove oxygen, 1 to 2 per cent of the water being evaporated in the 
process. Deuterium or hydrogen at atmospheric pressure was admitted 
to the flask, and the loss of weight determined. Pjnrex glass apparatus 
with interchangeable ground joints was used throughout this investigation, 
and all parts were carefully cleaned and steamed before use. 

The double cell illustrated in figure 1 was attached to an electrically 
driven mechanism which rocked it about the glass joint A as an axis. 
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Each cell had two silver chloride and two hydrogen electrodes. Hydrogen 
was admitted through the stopcock B and the connection A, the fixed 
inner member being connected to a supply of gas at constant pressure 
slightly higher than atmospheric. After the electrodes were in place the 
cell was filled by connecting the filling flask at C and an empty receiving 
flask at D, and evacuating the system repeatedly with a Hjrvac pump. 
After all water was evaporated from the electrodes the cell was flushed 
twice with hydrogen or deuterium and the stopcocks closed under vacuum, 
so that the solution could be admitted to the silver chloride compartments. 



Fig. 1 . The double cell 
P'10. 2 . Manostat aiid gas storage system 

After 30 min. this solution was drawn off into a receiving flask, and more 
solution was run into the cell. The horizontal compartments were half 
filled, and hydrogen was admitted. The flasks were replaced by caps and 
the cell transferred to a thermostat. Sixteen milliliters of solution was 
sufficient to wash the electrodes once and to fill the cell. The limited 
quantities of heavy water available for washing constitute one of the serious 
restrictions upon the precision of the results. Scrupulous cleanliness and 
care in avoiding contamination of the electrodes with films of stopcock 
grease are essential. 

Two hydrogen electrodes, eonsisting of 22 B. & S. gauge platinum wires 
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1 cm. long, were sealed through a soft-glass 12/30 standard taper inner 
member, as detailed. Silver chloride electrodes were deposited on plati- 
num wires sealed through 10/30 standard taper soft-glass joints. The 
electrode holders were the only parts of the apparatus made of soft glass; 
their area was small compared to the total glass surface. Two types of 
silver chloride electrodes were used. The electroljrtic type described by 
Brown (3) yielded highly reproducible results at the temperature of prepa- 
ration, 25°C., but gave unreliable temperature coefficients, probably owing 
to strains in the layers of silver and silver chloride. Electrodes of the 
annealed thermal type described by Rule and La Mer (11) are not quite 
as reproducible at 25®C., but yield more consistent temperature coefficients 
and are simpler to prepare. The electrolytic type electrodes were not 
washed in the cell, but were soaked overnight in conductivity water before 
use. The influence of all these variations in electrode technique was 
within the experimental error, as shown by figure 3 and the accompanying 
legend. 

Constant pressure of hydrogen or deuterium was maintained to ± 0.2 
mm. of mercury by a manostat, which is shown, together with the gas 
storage system, in figure 2. Contacts sealed in the manometer operated 
a relay connected to an electrolytic cell, and gas pressure from this cell 
was transmitted through a mercury seal to the hydrogen system. Excess 
pressure was released through the capillary tip T. The length of the 
manometric mercury column can be adjusted over a wide range by dis- 
tilling mercury from the storage bulb on the vacuum side, or by forcing 
it out of the tip. The stopcock B was opened for about 5 sec. between 
readings to equilibrate the pressure, but was kept closed at other times to 
prevent distillation of the solvent and to avoid equilibration of all gas in 
the manometer system. All readings are corrected to 760 mm. of mercury 
at 0®C. 

The hydrogen and deuterium were prepared by electrolysis. Each gas 
was passed over hot copper, the water was frozen out, and the gas was 
bubbled through an inclined mercury column into an evacuated 6-litcr 
storage flask. In this manner the gas can be generated at atmospherei 
pressure and collected at pressures ranging from zero to atmospheric. 
The inclined tube should be at least 15 mm. in diameter, ancf the splash 
bulb is advisable. After starting, the process proceeds smoothly and 
requires little attention. The gas was transferred to the manostat system 
by means of a Toepler pump, P. TTie storage system was checked from 
time to time for leaks. 

The electrical measuring equipment and thermostatic facilities have 
been described previously (12). The six independent voltages obtained 
from the double cell were averaged as the final reading. At 25'’C. readinp 
were started about 4 hr. after preparation, continued for 6 hr., and checked 
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after a 24- to 30-hr. period. Readings over this period agreed to 0.02 
millivolt in most cases. To minimize hysteresis, temperature changes 
were made slowly at a rate of 5®C. over a 2-hr. period. Constant read- 
ings were always obtained within 15 min. after reaching constant tempera- 
ture, except at 5®C. and 10®C. Three readings at half-hour intervals were 
taken at constant temperature. 

The rate of attainment of exchange equilibrium between the gas and 
solvent cannot be estimated from the change in e.m.f., since an unknown 
time is required to saturate the solution with gas. Starting with pure 
hydrogen and a solvent containing 64 per cent D, equilibrium was reached 
in 30 min. after the cell was filled and rocking started. The same equilib- 
rium values are obtained starting with either pure hydrogen or deuterium, 
as shown by figure 3 and legend. 



Flo. 3. E.M.F. of process 1 plotted as a function of the deuterium content of the sol- 
vent. #, initially pure Hj gas and thermal silver chloride electrodes; o, initially 
pure D 2 gas and electrolytic silver chloride electrodes 

The concentration of hydrogen chloride was reduced to a uniform rnolal 
basis by calculating moles of chloride ion per 55.51 gram-atoms of oxygen 
in the solvent. The vapor pressure of pure deuterium oxide was taken 
from the data of Miles and Menzies (9). Linear variation of the vapor 
pressure of the solvent with deuterium content was assumed.^ Correc- 
tions were made for the light water introduced from the stock solution 
and for the water evaporated during evacuation. Weights w'ere reduced 
to weights in vacuoy and corrections were applied for the buoyancy of 

* The changes in vapor pressure with deuterium content will be linear only if the 
vapor pressure of HDO is the mean of protium oxide and deuterium oxide. Results 
of Stedman (Can. J. Research 18B, 114 (1935)) indicate a sagged curve, but the 
deviation is certainly within 1 mm. of mercury or d=0.02 millivolt. 
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hydrogen or deuterium replacing air in the fiask. e.m.f. values in light 
vrater at corresponding molalities were interpolated from the data of 
Hamed and Ehlers (7). 

The subscript n in refers to the fraction of deuterium in the solvent 
defined as fo = n = Aa/0.1079; 0 < n < 1. Thus Ea is an e.m.f. in pure 
water; E 0.4 an e.m.f. when Fd — 0.4. The superscript zero indicates a 
molal potential, i.e., the e.m.f. has been corrected to a h 3 rpothetical molal 
activity of the solute equal to unity. 

It is impractical to obtain Bfl by measuring an extensive series of cells 
at varying acid concentrations and extrapolating to infinite dilution while 
the deuterium concentration is kept constant. The difference Eo — E^ 
was measured at a concentration of about 0.03 to 0.04 molal. was 
found by assuming that the change in interionic activity coefficient with 
concentration is the same in light and in heavy water, with an allowance 
for the minor difference in dielectric constants of protium oxide and 
deuterium oxide. Defining Hj and Dj at 760 mm. as the standard gaseous 
state, and letting y represent the mean interionic activity coefficient, 
referred to infinite dilution in protium oxide and deuterium oxide as unity, 
then 

Eo = Eo — 2RT/F In vhckhiO) 

El = Eo ■“ 2RT/F In vdci(DiO) 

Through the equation 

log y — 


we obtain 


Bo ~ El = Eo — El ^ — (•^DjO ~ 


Values of 4 in the Debye-Huckel limiting law for protium oxide and 
deuterium oxide have been calculated from the recent dielectric constant 
data of Wyman and Ingalls (15), and are presented in table 1. 

Experimental data at 25°C. are presented in table 2. The Eo — E^ 
values are given only for large values of n. Calculations of El — El for 
lower values of n were not made, because of a possible uncertainty in the 
didectric constants of solvents containing large amounts of the unsym- 
metrical HDO. The e.m.f. of process 1 is plotted in figure 3 as a function 
of the deuterium content of the solvent; a pronounced maximum occurs 
at n =: 0.75. The extrapolated value in 100 per cent deuterium oxide for 
Eo — EJ is 0.00447 volt; the E® value for cell I is therefore 0.21792, com- 
pared to the value of 0.22239 volt given by Hamed and Ehlers (7) for cell 
II at 25®C. 



TABLE 1 


Values of A for proHum oxide and deuterium oxide 


TBlfPBRATUBB 


j 

1 "^DiO 

( 4 . 6 ) 

•c. 


1 


5 

0.489 

0.492 

0.00024 

10 

0.493 

i 0.496 

0.00026 

16 

0.498 

0.600 

0.00027 

20 

1 0.502 

I 0.504 

0.00031 

25 

0.506 

; 0.509 

0.00033 

30 

0.511 

1 0.514 

0.00035 

35 

0.516 

• 0.519 

0.00038 

40 

0.521 

0 524 

; 0.00041 

45 

0 527 

; 0 530 

! 0.00044 


TABLE 2 

Electromotive force of the cell 
H, I (HCl DCl)* in Ha0-D,0 1 AgCl-Ag 


at 25^0. in protium-deuterium oxide mixtures of deuterium 
fraction n and molality m 



m 1 

! E, 

En 

1 

1 

n 

1 

- 0 

Fj, » n i 

Eo-En 

! A’o “■ En 

\ 

0.989 

0.02883 

0 41247 

0.40792 

I +0.00455 

1 0.00461 

0.986 

0.03282 ! 

0.40620 

0.40164 

! 0.00456 

{ 0 00462 

0.984 

0.04607 

0.38984 

0.38532 

, 0.00452 

, 0.00459 

0.984 

0.01626 

0.44031 

0 43574 

0.00457 

i 0.00461 

0.982 

0.02991 1 

! 0.41071 

0.40610 

0 00461 

! 0.00467 

0.966 

0.03287 i 

i 0 40614 i 

0.40148 

0.00466 1 

0 00472 

0.956 

0.05927 1 

1 0.37769 

0.3728t) 

0.00483 ; 

; 0.00491 

0.955 

0.03190 

! 0.40758 

0.40271 

0 00487 

0 00493 

0.954 

0.15233 

i 0.33204 

0.32722 

1 0 00482* 

0 00495 

0.915 

0 03030 

1 0.41007 

0.40480 

0 00527 , 


0.915 

0 03378 

; 0.40480 

0 39958 

0.00522 1 


0.909 

0 03419 

; 0.40423 

0.39890 

0 00533 i 


0.848 ! 

0.03322 

1 0.40562 

! 0.39977 

0.00578 ; 


0 848 

0.03826 

1 0.39880 

0.39312 

0.00568 1 


0.848 1 

0.04028 

0.39632 

1 0.39047 

0.00585 , 


0.848 

0.04428 

1 0.39176 

; 0 38609 | 

[ 0.00567 


0.813 

0.03341 

0.40534 

0.39946 

0.00588 


0.813 

0.03182 

1 0 40770 

' 0.40180 1 

i 0.00590 


0.739 

0.02817 

! 0.4i360 

0.40768 i 

i 0.00602 


0.739 

0.03158 

1 0.40806 

0.40206 1 

0.00600 

i 

1 

0.644 

0.02901 

! 0.41218 

: 0.40636 1 

0.00582 


0.523 

0.03417 

i 0 40626 

‘ 0.39920 1 

0.00606 i 


0.522 

0.03239 

0.40684 

0.40169 1 

0.00515 ! 

1 

0.436 

0.03148 

0.40823 

! 0 40360 i 

0.00463 I 

1 

0.268 

0.03695 

1 0.40181 

' 0.39882 i 

0.00299 

1 

0.266 

0.02899 

; 0.41220 

0.40918 

0.00302 


0.158 

0.03115 

i 0.40873 

1 0.40691 

0.00182 


0.008 

0.02555 

j 0.41831 

0.41826 

, 0,00005 



* In plotting results were corrected to 0.03 w. 
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TABLE 3 


Temperature coefficieni data 


At/0.1079 

m 

TBUPXBATUBS 

HOQUI 

B, 

Pa - 1 

S' 

1 


0.982 

0.02991 

•c. 

25 

0.41071 

0.40610 

0.00461 

0.00467 



30 

0.41066 

0.40589 

0.00477 

0.00483 



35 

0.41044 

0.40550 

0.00494 

0.00501 



40 

0.41004 

0.40498 

0.00506 

0.00513 



45 

0.40957 

0.40424 

0.00533 

0.00541 

0.986 

0.03282 

5 

0.40521 

0.40090 

0.00431 

0.00435 



10 

0.40579 

0.40111 

0.00468 

0.00473 



15 

0.40599 

0.40176 

0.00423 

0.00428 



20 

0.40612 

0.40181 

0.00431 

0.00436 



25 

0.40620 

0.40164 

0.00456 

0.00462 

0.956 

0.05926 

5 

0.37848 

0.37410 

0.00438 

0.00444 



10 

0.37858 

0.37403 

0.00452 

0.00458 



15 

0.37837 

0.37390 

0.00447 

0.00454 



20 

0.37807 

i 0.37348 

0.00459 

0.00467 



25 

0.37769 

0.37286 

0.00483 

0.00491 



30 

0.37709 

0.37212 

0.00497 

0.00505 



35 1 

0.37639 

0.37121 

0.00518 

0.00527 



40 i 

0.37545 

0.37015 

0.00530 

0.00540 



45 

0.37445 

0.36892 

0.00553 

0.00565 

0.955 

0.03190 

5 

0.40651 

0.40204 

0.00449 

0.00453 


1 

10 

0,40709 

0.40251 

0.00458 

0.00462 



15 

0.40732 

0.40270 

0.00462 

0.00467 



20 

! 0.40753 

0.40286 

0.00463 

0.00469 



25 

0.40758 

0.40271 

0.00487 

0.00493 



30 

0.40753 

0.40243 

0.00506 

0.00512 



35 

0.40718 

0.40199 

0.00525 

0.00532 



40 

0.40678 

0.40130 

0.00548 

0.00555 


TABLE 4 


Thermodynamic quantitiee at for the procees 
1/2 H, + DC1(D,0) - 1/2 D, + HC1(H,0) 


1 


- AF 

A3 

AR 


volt$ 

CaloritB 

Col. deg. 

CiUiiriet 

0.955 

0.00493 

MSSSm 

1.00 

184 

0.956 

0.00491 


0.87 


0.982 

0.00467 

107.7 

0.81 


0.986 

0.00462 

106.5 

0.82 


1.0 (extrap.) 

0.00447 

103.1 

0.75 

120 
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Experimental results of cell I at the various temperatures are given in 
table 3. At the lower temperatures the data in both light and heavy water 
are less reliable, and the differences correspondingly less certain. The 
thermodynamic quantities for process 1 listed in table 4 have been evalu- 
ated at 25®C. by numerical differentiation of the data from 15®C. to 45®C. 
The dependence of AS and AH on the deuterium content of the solvent 
indicates that a maximum for these quantities will exist similar to AF, as 
shown in figure 3. 

Thedatafor 10*J?n/rform = 0.05926 when w = Oand whenw = 0.956 
are plotted against 1/T in figure 4. The slope of the resulting curve is a 



toyr 

Fig. 4. The temperature dependence of k.m.f. of cells I and II and process 1 
plotted as EjT against l/T. 

direct measure of AH for the corresponding cell process. Since both the 
light and the heavy water data fall on smooth parallel curves, ACp is not 
zero for the process involving the silver chloride electrode in either solvent, 
as would be expected. 

On the other hand, when the sensitive difference function 

- A)IT 

is plotted against l/r, a straight line results except for the two less cer- 
tain points at the lowest temperatures. ACp for the exchange process 1 is 
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accordingly very small if not actually zero, i.e., is practically inde- 
pendent of temperature. 

For theoretical purposes the equilibrium constant of the reaction 

I/ 2 H 2 + D+(D20) = I/ 2 D 2 + H+(H20) (2) 

is frequently desired. The free energy change of process 2 differs from 
that of process 1 by the process 

C1-(D20) = C1~(H20) (3) 

representing the difference in free energy of solvation of chloride ions in 
light and heavy water. This process, however, is inaccessible to experi- 
mental determination, a point which will be elaborated in another paper. 
Gross and Wischin (6) have mistaken process 1 for process 2 in their 
theoretical treatment. Orr and Butler (10) utilize process 1 for the calcu- 
lation of the constant L of their semi-empirical equation for equilibria in 
isotopic mixtures, but are obliged to ignore the effect of chloride ions. 

Abel and Redlich (2) emphasize that the exchange process 1 is not the 
^‘normal potentiar’ of the deuterium gas electrode. In order to ascribe a 
value for the normal potential of deuterium it is necessary that the half-cell 
process proceed in the same solvent, H 2 O, for which the normal potential of 
Hi is taken arbitrarily as zero. The specification that the process must be 
conducted throughout in protium oxide as the solvent is impos.sible to 
meet experimentally on account of the rapid exchange of gases with solvent 
on platinum black as the catalyst. The closest approach would be given 
by the process 

1/2 D 2 + Ha0+(H20) = 1/2 H 2 + H2D0+(H20) (4) 

when the concentration of H2D0‘^ is made negligibly small. On the basis 
of process 4 Abel and Redlich compute a normal potential for deuterium 
which is approximately 44 millivolts less noble than hydrogen. We 
also subscribe to their view that little is to be gained by attempting to 
define a normal potential of the deuterium electrode against the hydrogen 
electrode. 

If silver bromide electrodes and hydrobromic acid had been used in cell 
I the following process could be obtained 

1/2 H 2 + DBrCDjO) - 1/2 D 2 + HBr(H20) (5) 

The free energy of this process would differ from that of process 2 by the 
difference in the free energy of solvation of bromide and chloride ions in 
the two solvents. A somewhat more complicated process has been meas- 
ured by Drucker (5). 

(A) D* 1 KDS04(0.115C in D 2 O) 1 HgjSOi-Hg E « 0.7627 volt 

(B) H 2 1 KHS04(0.115C in H 2 O) 1 Hg 2 S 04 -Hg E = 0.7527 volt 



THERMODYNAMICS OF ELECTROLYTES IN H2O-D2O 


257 


The net process for cell A minus cell B is 

1/2 D 2 + KHS 04 (H. 0 ) = 1/2 H 2 + KDS 04 (D 20 ) E = 0.0100 volt (6) 

Taking the second dissociation constant of sulfuric acid as 2 X 10”-, the 
hydrogen-ion concentration in a solution of potassium hydrogen sulfate 

0.1 15C in H 2 O is 0.059C. From the empirical curve of Rule and La Mer 
(12) the dissociation constant of DS 04 ' is estimated as 2.5 times less than 
that of HS 04 ~ or 8 X 10"^ Appl 3 ring the mass law, the deuterium-ion 
concentration in a solution of potassium deuterium sulfate 0.1 15C in 
deuterium oxide is 0.035C. After considering the contribution to the 
K.M.F. difference of cells A and B due to the concentration of hydrogen and 
deuterium ions, respectively, the e.m.f. of the combination still has a 
different sign from the e.m.f. of process 1 as a result of the specific differ- 
ences in the free energy of solvation of chloride, sulfate, and potassium 
ions. 


ST’MMARY 

1. The cell without transference 

Do IX \ DiO 

m in AgCl-Ag 
H 2 HCl HoO 

has been studied at 25®C\ over a wide range of deuterium content. The 
J?® value at 100 per cent deuterium oxide is 0.21792 0,00005 volt, or 

4A7 millivolts less than for hydrogen chloride in protium oxide. 

2. The free energy change of the process 

1/2 H 2 + I)Cl(m in D 2 O) = 1/2 D 2 -f HCl(m in H 2 O) (1) 

is a complicated function of the deuterium cont(*nt of the solvent, passing 
througli a maximum at a deuterium fraction 0.75, corresponding to an 
E.M.F. 6.0 millivolts lower than in protium oxid('. 

3. Thermodynamic quantities for process 1 at high deuterium concen- 
trations have been evaluated from temperature coefficient data. 

4. With the rocking electrode described, equilibrium between the gas 
phase and solvent is achieved rapidly, starting with either pure deuterium 
or hydrogen. 

REFERENCES 

(1) Abel, Bratu, and Rbdlich: Z physik. Cheni. A173, 353 (1935). 

(2) Abel and Redlich: Z. Elektrochem. 44 , 204-5 (1938); cf. reference 1. 

(3) Brown; J. Am. Chem. Soc. 56, 646 (1934). 

(4) Clark: Determination of Hydrogen Iona, 3rd edition, p. 295. The Williams 

& Wilkins Co., Baltimore (1928). 

(5) Drucker: Trans. Faraday Soc. 38, 660 (1937). 
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monocbromator was directly coupled with a brass box with a light-tight 
lid. Within the box four absorption cells were mounted on a rotatable 
disc. The glass absorption cells were made in the form of cylinders 2 
cm. in length. One end was an optically plane glass disc fused to the 
cylinder; the other end of the cell was open, with the edge of the cylinder 
ground flat. A polished disc of optical glass was placed against this end 
and was held in position by a metal ring and rubber gasket. The cell, 
with glass-stoppered side arm, was inserted in a metal tube which could 
be set into a flange forming an integral part of the disc in the box. By 
turning a knob outside the box the cells could be brought into the line of 
light, one at a time. 



Fia. 1. Diagram of the circuit. G, Leeds and Northrop type R galvanometer, 
sensitivity == 0.003m amperes per millimeter, critical damping resistance “ 2100 ohms, 
period — 2.7 sec., resistance “ 580 ohms; Ri, 100-megohm resistor; Rj, 0.1-megohm 
resistor; R», 1700-ohm resistor; R^, decade box, 0 to 360 ohms; Rj, 0.2-megohm poten- 
tiometer; El, 225 volts; Ej, 22.5 volts; E», 46 volts; E,, 1.5 volts; P.E., photoelectric 
cell; tube, RCA 1603. 

Two photoelectric cells were used,— a potassium hydride cell sensitive 
in the blue and a cesium cell sensitive in the red portion of the spectrum. 
The photoelectric cell was connected in the grid circuit of the amplifier as 
shown in th^ diagram^ (figure 1). It was found that with a grid resistance 
of 100 megohms adequate sensitivity was obtained with a stable zero. After 
calibration of the absorption cells, it was found that Beer’s law curves 
could be obtained with a reproducibility of 0.2 per cent. 

* The authors take this opportunity to acknowledge the helpful advice of J. P. 
Hervey of the Eldridge Reeves Johnson Foundation for Medical Physics, University 
of Pennsylvania, and 8 . E. Hill, The Rockefeller Institute for Medical Research, 
New York City, on the design of the circuit. 
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Preparation of materials 

The alcohols were purified by the method of Bjerrum and Lund (2). 
The dioxane was purified by fractionating in an all-glass column, reflux- 
ing over sodium, and distilling. 

The sulfonphthalein indicators and the chlorobenzoic acids were special 
preparations used in otherstudies (5, 14). The benzoic acid was from the 
National Bureau of Standard.s. The monochloroacetic acid was rccrystal- 
lized from benzene, and the glycolic acid from pure acetone. The di- 
chloroacetic acid was fractionally distilled. The acetic acid, free from 
homologs, was refluxed with pure acetic anhydride and fractionally 
distilled. The dinitrophenols, the other acids, and the lithium salts were 
desiccated Kahlbaum products. All acids were carefully titrated, and 
melting points were determined to establish their purity. 

Preparation of the buffer solutions 

Since the majority of the experimental measurements were made in 
non-aqueous solutions, it was necessary to devise a system for the prepara- 
tion of buffer solutions which would be economical of solvent. A rack 
holding four pipcts was built, each pipet being connected at the upper end 
to a vacuum line. The stopcocks were placed at the top of the pipets to 
keep the solvent away from the lubricant. The 10-ml. pipets were 
graduated in units of 0.05 ml., the 1-ml. pipet in 0.01 ml. units, and the 
0.2-ml. pipet was calibrated in units of 0.001 ml. By using suitable com- 
binations of pipets it was possible to make up the buffer solutions to a 
volume of 11 ml. In the cases where the lithium salts were available, 
buffer solutions of convenient acid-base ratios were prepared from the 
acid and the lithium salt. Otherwise a quantity of base (in the form of 
sodium hydroxide, lithium methylate, or lithium ethylate) was added to 
neutralize partially the free acids. The stock buffer was diluted in suc- 
cessive steps by taking measured portions of the solution, diluting to 10 
ml., and adding 1 ml. of the indicator solution. For the case where the 
solvated proton was to be measured, dilute solutions of hydrochloric acid 
were prepared by passing a stream of dried hydrogen chloride into the 
pure solvent, titrating a portion with standard alkali, and then adding the 
indicator. The indicator solutions were made up by disssolving a quantity 
of the indicator (usually in the form of the acid) in the purified solvent. 
After addition to the buffer the concentration was approximately 1 X 10““^ 
moles per liter. 

The dioxane-water mixtures required a slightly different method, since 
the final solution had to contain a known percentage by weight of dioxane 
in order to give solutions of known dielectric constant, as determined by 
Akerlof and Short (1). 
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Determinaiion of the absorption curve 

In order that the proper wave length could be selected for the measure- 
ments, an absorption curve was determined for each indicator in each 
solvent. This was done in the following manner: Solutions of the com- 
pletely acid and basic forms of the indicator were prepared and placed in 
absorption cells. With indicators showing two transition points, care 
was exercised to avoid interference from a third color by making up the 
indicator in a suitable buffer solution. A third cell was filled with sol- 
vent. Galvanometer deflections were read at different wave lengths, and, 
by taking the galvanometer reading for the pure solvent as 100 per cent 
transmission, the absorption was calculated from the readings for the 
indicator solution. The percentage adsorption was plotted against the 
wave length for the colored forms, and the wave length corresponding to 
the peak of the appropriate absorption curve was utilized for subsequent 
determinations. 


Experimental procedure 

For each determination four solutions, of different concentrations, of 
the completely basic (or acidic) form of the indicator were placed in the 
cells. The decade resistance box was adjusted so that for the proper 
wave length the most dilute solution gave a deflection of 46 cm. on the 
galvanometer scale. Galvanometer deflections were then obtained for all 
four cells, and a Beer’s law curve was constructed by plotting the loga- 
rithms of the galvanometer readings against the concentrations. The 
concentrations of indicator were selected so that the reading for the un- 
known fell between the readings for the standard solutions. Readings 
were then taken for all four cells, a Beer's law curve was constructed, and 
the percentage of the acid (or basic) form of the indicator was read off 
from the graph. All experiments were carried out at 26®C. =fc 2°. 

A summary of a typical experiment is given in table 1. Columns 1 
and 2 give the stoichiometric concentration of benzoic acid and lithium 
benzoate in the buffer mixture. To obtain the correct values of the acid- 
base ratio it is necessary to take into account the reaction with the solvent 

HB -1- S = SH+ -I- B- (1) 


The ratio of basic to acid form of the indicator is then calculated from the 
colorimetric determination and the equilibrium constant for the reaction 
written at the top of the table 


AaiB = 




Cxi Cb 


( 2 ) 


is recorded in column 4. 

Now K xin varies •vrith ionic strength, and the thermodjmamic equilib- 
rium constant is obtained by extrapolation, as illustrated in figure 2. 
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The method for obtaining the values of the other equilibrium constants 
will be illustrated later. Tables 2, 3, and 4 give the data for the equilibria 
between the yellow form of bromocresol green and p-chlorobenzoate in 
the solvents methyl alcohol, ethyl alcohol, and dioxane-water mixtures. 

It will be noted that the classical dissociation constant of the buffer acid 
is now so small that it is no longer necessary to correct for the concentra- 


TABLE 1 

Determination of the equilibrium constant 
Af + B“ » A® + Bf 

Bromocresol green Benzoate Benzoic Bromocresol green 

(yellow) acid (blue) 

Stoichiometric concentration of indicator — 4 X 10"®; T * 24.5®C.; solvent « water 


Ca 


yAT 

KAiB 

mole» per liter 

moles per liter 



0.009091 

0.02727 

0.165 

0.243 

0.004546 

0.01364 

1 0.117 

0.221 

0.002273 

0.006818 ' 

0.0827 

0.208 

0.001615 

0.004545 

0.0676 

0.201 

0.000909 

0.002727 

0.0524 

0.196 



Fig. 2. Bromocresol green-benzoic acid-water 

tion of the solvated proton. It should also be noted that the indicator 
concentration is always small relative to the concentration of the buffer 
acid. In other words, the addition of the indicator does not appreciably 
disturb the equilibrium of the buffer. 

The relation between the equilibrium constants in the solution and 
that in the pure solvent is given by 

I-KAinlo = 


(3) 




TABLE 2 

Determination of the equilibrium constant 
Af -f B- « A» + Bf 

Bromocresol green />-Chloro- p-Chloro- Bromocresol green 

(yellow) benzoate benzoic (blue) 

acid 


Stoichiometric concentration of indicator * 6 X 10“®; T 23.5®C,; solvent *■ methyl 

alcohol 


C-A 

Ch 

VT" j 

^AiB 

molM per liter 

0.02600 

molee per liter 

0.02600 

0.1612 

1 

1 

i 0.557 

0.01560 

0.01560 

0.1249 

i 0.190 

0.00780 

0.00780 

0.08832 

1 0.412 

0.00390 

0 00390 

0.06245 

i 0.356 

0.00208 

0.00208 1 

, 0.04560 

i 0.312 

0.00104 

0.00104 

0.03225 

1 0 274 


TABLE 3 

Deterinination of the equilibrium constant 
Af + B- =. A® + Bf 

Bromocresol green p-Chloro- ;»-Chloro- Bromocresol green 

(yellow) benzoate benzoic (blue) 

acid 


Stoichiometric concentration of indicator = 6 X 10"®; T = 27.0'’C.; solvent *» ethyl 

alcohol 


C'A 

1 

1 

; *^AiB 

molee per liter 

molee per liter 


! 

0.02500 

0 02500 

0 1581 

0.533 

0.01250 

0.01250 

0.1118 

' 0 456 

0-00750 

0.00750 

0.0866 

0.402 

0.00500 

0.00500 

0.0707 

! 0.363 

0.00250 

0.00250 

O.0500 

0.300 

0.00125 

0.00125 

0.0353 

j 0.259 


TABLE 4 

Determination of the equilibrium constant 
Af + B- « A® + Bf 

Bromocresol green p-Chloro- p-Chloro- Bromocresol green 

(yellow) benzoate benzoic (blue) 

acid 


Stoichiometric concentration of indicator = 8 X 10“®; T =* 23.5°C.; solvent 
dioxane-w'ater (D 25.0) 


Ca 

C'b 


l^AiB 

molee per liter 

0.03200 

molee per liter 

0.03200 

1 

0.1780 

0.279 

0.01920 

0.01920 

0.1386 

0.250 

0.01280 

0.01280 

0.1131 

0.230 

0.00640 

0.00640 

0.0800 

0.198 

0.00320 

0.00320 

0.0566 

0.172 

0.00192 

0.00192 

0.0438 

0.152 

0.00128 

0.00128 

0.0357 

I 0.1325 
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where /’s represent the activity coefficients. Since, according to the 1 )ebye 
theory, 

, . 1.81 X 10* r 

log/, (4) 

we have in the limit 

log XaiB = log [-KaibIo + ^VTt (5) 

where & is 1.01 for water, 4.22 for methyl alcohol, and 5.64 for ethyl alcohol 
and dioxane water mixtures of the same dielectric constant. It is also 



Fig. 3. Extrapolations to infinite dilution. Curve 1, bromocresol green-p-ehloro- 
benzoic acid-methyl alcohol; curve II, bromocresol green-p-chlorobenzoic acid- 
ethyl alcohol (down 0.1); curve III, bromocresol green-p-chlorobenzoic acid-di- 
oxane-water (D « 25). 

convenient to use a graph of log KxiB versus (10), but this in- 

1 + Vm 

volves an assumption of a change in the “average distance of closest 
approach^' for the different solvents. Figures 2 and 3 illustrate the extra- 
polation for the four solvents. Othei* charge types involve different 
slopes, and in the convenient case where the indicator acid and the buffer 
acid are of the same charge type the Debye terms cancel and we have a 
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simple extrapolation linear with the concentration. Extrapolations of 
this type are illustrated in figure 4. ; 

The results for aqueous solution are summarized in table 5. Column 
2 lists the equilibrium constants (equation 2) at zero ion concentration 
for the various acid~base pairs given in column 1. Column 3 gives the 
logarithm of the equilibrium constant for the reaction 

Ax + Bo ^ Ao + Bas (6) 

where A* represents the acid in question and Ao the standard acid. It is 
computed from the ratio of the equilibrium constants given in column 2, 



Fig. 4. Extrapolations to infinite dilutions. Curve I, 2;4-dinitrophenol~salicylic 
acid-methyl alcohol; curve II, 2,4-dinitrophenol-monochloroacetic acid-methyl al- 
cohol; curve III, 2,6-dinitrophenol-monochloroacetic acid-dioxane-water (D » 25); 
curve IV, 2,4-dinitrophenol-8alicylic acid-dioxane-water (2> *» 26) ; curve V, 2,6- 
dinitrophenol-monochloroacetic acid-water (up 0.6). 

benzoic acid being chosen as the standard acid. The values for the chloro- 
benzoic acids are computed from conductivity data (16). Since the value 
for the thermodynamic dissociation constant of benzoic acid in water 
given by Saxton and Meier (15), 6.296 X lO""®, and that given by Brock- 
man and Kilpatrick (3), 6.312 X 10“*, are in agreement, pK for benzoic 
acid is taken as 4.201 to have the chlorobenzoic acids on the same basis. 
Column 4 gives the negative logarithm of the equilibrium constant 

K = Chio+ • ^ 


(7) 
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in water. This scale was established by relating the red- yellow range of 
the indicator ?7^-cresol purple to hydrochloric acid. The extrapolation 
with a slope of unity gave the value for the dissociation constant (equation 
7) of 7w-cresoI purple. From the equilibrium constant for w-cresol purple 
and cyanoacetate ion the dissociation constant of cyanoacetic acid was 
computed, and by a stepwise procedure all the acids in table 5 were deter- 
mined, with the exception of the halogen-substituted benzoic acids. Com- 


TABLE 5 

Acid strengths in water 


ACIDS 

AAiB 

LOG Kj. 

pX 

(«» — LOG 

K) 

vK 

(litera- 

TUB*) 

m-Cresol purple (hydrochloric) 



1.674 


Cyanoacetic (m-c resol purple) 

8.09 

1.630 

2.582 

2.43^*' 

Monochloroacetic (2,6-dinitrophenol) 

0.119 

1.338 

2.874 

2.854'»> 

o-Chlorobenzoic* 


1.279 


2.922f»> 

Salicylic (2,6-dinitrophenol) . 

1 0.151 

1.234 

2.978 

2.97(s) 

2 , 6-Dinitrophenol (cyanoacetic) 

0.0607 

0.413 

3.799 

3.811<*> 

m-Chlorobenzoic'^ . 


0.379 


3.822'«> 

Glycolic (2,6-dinitrophenol) 

1.22 

0.327 

3.885 

3.829(‘> 

p-Chlorobenzoic* | 

i 

0.219 


3.982<»> 

2,4-Dinitrophenol (glycolic) 

0.732 

0.191 

4.021 

4.025<<> 

Benzoic (bromophenol blue) ... 

0 951 

0.000 

4.212 

4.200'»> 

Benzoic* 


0.000 


4.201<*’ 

Bromophenol blue (glycolic) 

0.448 

-0.022 

4.234 

4.23'»> 

Acetic (bromocresol green) 

0.627 

-0.556 

4.768 

4.758f*»> 

Bromocresol green (benzoic). . 

0.174 

-0.759 

4.971 

4.94<’> 


Cohen: Pub. Health Repts. 42, 3051 (1927) (m - 0.1). 

Landolt-Bornstein Tabcllcn (Ostwald). 

Saxton and Langer: J, Am. Chem. Soc. 65, 3638 (1933). 
von Halban and Kortum: Z. physik. Chem. A170, 351 (1934). 

J. Boescken and H. Kalshover: Ilec. trav. chim. 37, 130 (1918). 

Brockman and Kilpatrick: J. Am. Chem. Soc. 56, 1483 (1934). 

Kilpatrick: Chem. Rev. 16, 57 (1935). 

Kilpatrick: J, Am. Chem. Soc. 56, 2048 (1934). 

Saxton and Meier: J. Am. Chem. Soc. 56, 1918 (1934). 

(lo) Maclnnes and Shedlovsky: J. Am. Chem. Soc. 54, 1429 (1932). 

* Saxton and Meier. 

parison of columns 4 and 6 shows the agreement between the results 
obtained by the present method and the values given in the literature. 
The agreement establishes the reliability of the experimental method. 

Table 6 summarizes the results in methyl alcohol. In this solvent the 
acidity scale was not experimentally related to the solvated proton, owing 
to the fact that a suitable indicator was not found to relate the acids to 
the solvated proton. The scale was established indirectly by taking the 
value for the dissociation constant of benzoic acid as 3.79 X (6). 
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Table 7 summarizes the results in ethyl alcohol. In this case it was 
possible to establish an acidity scale by referring to the solvated proton, 


TABLE 6 

Acid strengths in methyl alcohol 


ACIDS 

JfAiB 

liOG 

vK 

(« — LOO 

K) 

pK 

(litbba* 

TURB) 

Benzoic* 



9.422 

9.422* 

Cyanoacetic (2,4-dinitrophenol) 

0.437 

1.918 

7.504 


2 , 6-Dini trophenol (cyanoacetic ) 

0.692 1 

1.758 

7.664 


Monochloroacetic (2,4-dinitrophenol) 

0.943 

1.584 

7.838 


2 , 4-Dinitrophenol (salicylic ) 

1.08 

1.559 

7.863 


Salicylic (bromophenol blue) 

0.0922 

1.526 

7.896 

7.880* 

o-Chlorobenzoic (bromophenol blue) 

0.250 

1 092 

8.330 


Glycolic (bromophenol blue) 

0.686 

0.654 

8 768 


tn-Chlorobenzoic (bromophenol blue) 

0.851 

0.560 

8.862 


Bromophenol blue (benzoic) 

3.09 

0.490 

8.932 


p-Chlorobenzoic (bromocresol green) 

0.204 

0 300 

9.122 


Acetic (bromocresol green) 

0.891 

-0.340 

9.762 


Bromocresol green (benzoic) 

0.407 

-0.390 

9.812 



* Goldschmidt: Z. physik. Chem. 112 , 429 (1924). 


TABLE 7 

Acid strengths in ethyl alcohol 


ACIDS 

^AiB 

LOO Kj. 

i 

pK 

(LITBRA- 

turb) 

Benzoic* 


0.000 

10.13 

10.13* 

Thymol blue (hydrochloric) 



4.77 


Thymol blue (dichloroacetic) . 

87.6 


4.95 


Dichloroacetic (2,4-dinitrophenol) . 

0.0482 ' 

3.238 

6.89 


2, 4-Dinitrophenol (monochloroacetic) 

2.00 

1 921 

8.21 


Salicylic (bromophenol blue). . . 

0.0672 

1.683 

8.45 


Monochloroacetic (bromophenol blue) 

0.0776 

1.620 

8.51 


Glycolic (bromophenol blue) 

0.447 

0.860 

9.27 


Bromophenol blue (benzoic) 

3.24 

0.51 

9.62 


p-Chlorobenzoic (bromocresol green). 

0.172 

0.439 

9.69 


Bromocresol green (benzoic) 

0.473 

-0.325 

10.46 


Acetic (bromophenol blue) 

0.656 

-0.307 

10.44 



* Larsson: Dissertation, Lund, 1924. 


but the extrapolation of the equilibrium constants for thymol blue (red-- 
yellow) with the solvated proton and with dichloroacetic acid seemed 
abnormal, and the agreement between the value for benzoic acid (pJ^A 
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(C 2 H 6 OH) = 9.94) and those of Larssoii (12) (piCA(C2H60H) = 10.13 
and 10.40) is not good. In view of this uncertainty in the use of thymol 
blue, the values given in table 7 (column 4) are related to the solvated 
proton by Larsson\s value of 7.4 X 10“^^ for iiLA(C2H60H). It should be 
mentioned that Kolthoff (11) pointed out that thymol blue in aqueous 
solutions of hydrochloric acid acts as a hybrid ion. 

In the use of thymol blue in dioxane-water mixtures no difficulty was 
encountered, and the acidity scale was established by the stepwise pro- 
cedure (table 8). 

It should again be pointed out that the experiments recorded in this 
paper were carried out at 25°C. =h 2®. The dielectric constants of the 


TABLE 8 

Acid ftirengths in dioxane-water 
Dielectric constant « 25 


ACIDS 


Thymol blue (hydrochloric) 
Dichloroacetic (thymol blue) 
Cyanoacetic (2,6-dinitrophenol) 
Monochloroacetic (2,6-dinitrophenol) 
Salicylic (2,6-dinitrophenol) 

2 , 6-Dinitrophenol (dichloroacetic) 
2,4-Dinitrophenol (salicylic) 
o-Chlorobenzoic (bromophenol blue) 
Glycolic (bromophenol blue) 
m-Chlorobenzoic (bromocresol green) 
p-Chlorobenzoic (bromocresol green) 
Bromophenol blue (monochloroacetic) 
Benzoic (bromophenol blue) 
Bromocresol green (benzoic) 

Acetic (bromocresol green) 



1 

^AiB 

LOO Kj, 

pK 

(» - LOO/C) 




2 726 


18.7 

3 009 

3 998 


0.272 

2.115 i 

4 892 


0.709 

1 699 

5 308 


0.762 

1 .668 

5 339 


0.0348 

1 550 

5 457 


0.607 

1.451 1 

5.556 


0.186 

1 044 

5 963 

i 0.238 

0 937 

6.070 

1 0.0603 

0 542 

6 465 


0.0860 

; 0.388 

6.619 


0 0412 

! 0 314 

6.693 


2.060 

! 0.000 

7.007 


1 0.210 

, -0.678 

7 685 

; 0.373 

1 -0.250 

7.257 


solvents vary with temperature, but a consideration of the magnitude of 
this change indicates that the influence of the temperature upon the 
dielectric constants may be neglected. The effect of temperature on the 
dissociation constants of the carboxylic acids may also be neglected over 
the range of temperature of these experiments. 

Columns 3 of tables 5, 6, 7, and 8 give the logarithms of the equilibrium 
constants for each acid with benzoate ion in the pure solvent in question. 
These values are independent of the basicity of the solvent, and the rela- 
tion to the dielectric constant can now be considered. If the dielectric 
constant of the medium is the important factor affecting the values in 
ethyl alcohol and in water-dioxane mixtures should agree. A comparison 
for carboxylic acids for the two solvents shows quite good agreement. 



0 


001 


0.0Z 


ao4 


-/ 



Fio, 6. Plot of log KaxBq against (l/D). D « 80 to jD ** 25. © , cyanoacetic acid ; 
A, xnonochloroacetic acid; O, salicylic acid (up 2.0); X, o-chlorobenzoic aaid; v» 
glycolic acid (up 2.0); □, w-chlorobenzoic acid; p-chlorobenzoic acid; Q, acetic 
acid. 



Fig. 6 . Plot of log KaxBq against {l/D). I> « 80 to D « 13. 0 , cyanoacetic acid ; 
A) monochloroaoetic acid; O, salicylic acid (up 2.0); Vi glycolic acid (up 2.0); 

m-chlorobenzoic acid;lSli p-chlorobenzoic acid; Xi o-chlorobenzoic acid; Q , acetic 
acid. <*> Wooten and Hammett; J. Am. Ohem. Soc. 57, 2289 (1935); <•> Mason and 
Kilpatrick: J, Am. Chem. Soc. 59, 672 (1937); Brdnsted, Delbanco, and Tovberg- 
Jensen: Z. physik. Chem. A169, 361 (1934); <^> Kilpatrick: Unpublished work. 
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This is illustrated in figure 6. Figure 5 indicates that a plot of log Kr 
versus 1/D is linear over the range of dielectric constant 80 to 25. Figure 
6 shows, however, that this is not the case for media of lower dielectric 
constant. That lack of linearity is not due to any difference in experi- 
mental method is confirmed by the experimental results in dioxane-water 
mixtures of dielectric constants 15, 20, and 45 given in table 9. Since log 
f'^AxBo (log Kr) has been shown to be a function of 1/D, the results may 
be expressed by the following empirical equation 

log -fi^AxBo = log -K^aibo + L (8) 

where is the intrinsic acid strength and L the slope of the line in 
figure 5. 


TABLE 9 

Acid strengths in dioxane-water mixtures 


ACIDS 


Benzoic (bromophenol blue) 

Salicylic (bromophenol blue) 
Monochloroacetic (bromophenol blue) 
m-Chlorobenzoic (bromophenol blue) 
Acetic (bromophenol blue) 


Benzoic (bromophenol blue) 
Salicylic (bromophenol blue) 


Benzoic (bromophenol blue) 
Acetic (bromophenol blue) 


^AiB 

LOO Kj. 

Dielectric constant = 15 

2.24 

0.000 

0.0276 

1.909 

0.0458 1 

1.690 

0.631 

1 0.550 

} 2.95 

-0 120 

Dielectric constant » 20 

1.59 

1 0.000 

0 0224 

1.851 

Dielectric constant = 45 

1.98 

1 0.00 

5.53 

[ -0.445 


The values of log iSCa^bo ^ given in table 10, and equation 8 holds 
to within 0.05 log unit of Kr^ Equations relating the protolysis constant 
to the ideal protolysis constant at infinite dielectric have been given by 
Bronsted (4) and by Hammett (8, 9).® For any acid, Ax, having the same 
charge as the standard acid, Ao, the Bronsted equation becomes 

In K^,. . in i (9) 

* Two papers entitled ^*The Electrostatic Influence of Substituents on the Dis- 
sociation Constants of Organic Acids^’ by Kirkwood and Westheimer (J. Chem. Phys. 
6, 607, 613 (1938)) appeared too late for consideration in this paper. 
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where' and are the effective radii of the acids, D the dielectric 
constant, and Z the valence. Reasonable values of and r^o give con- 
cordant values of for the carboxylic acids (10). The equation of 
Hammett 

taK = toK.-^^(| + s;) (10) 

is similar to equation 9. Here d is the distance from the carboxyl group 
to the substituent group, K(x is the equilibrium constant for the standard, 
and depends upon the substituent and its position in the molecule, 

TABLE IQ 


Values of log L 


! 

ACIDS 

LOO 

■^axbo 

SLOPE L 

X> 00 

AF 

SOLVENT 

-H2O 


AS 

SOLVENT 

- H2O 

o-Chlorobenzoic 

1.40 

-9.0 

-1910 

-1750 

+150 

-1.3 

Gyanoacetic . 

1.35 

19 

-1840 

-2220 

-330 

+2.6 

Monochloroacetic 

1.18 

12 

-1610 

-1830 

-210 

+1.7 

Salicylic . 

1.06 

15 

-1430 

-1690 

-260 

+2.1 

w-Chlorobenzoic 

0.25 

10 

-340 

-520 

-170 

+ 1.5 

p-Chlorobenzoic 

0.15 

6.3 

-200 

-300 

-110 

1 +0.90 

Glycolic 

0.05 

19 

-70 

-445 

-330 

+2.7 

Acetic . . 

-0.65 

9.3 

4-890 

+770 

-160 

+ 1.3 


while Bi and depend only on the reaction. Hammett puts the above 
equation in the form 

log K = log Ko + (11) 

where <r = .4/2.303/? is the substituent constant and 



is the reaction constant. The values of log ifAxBo calculated by equation 1 1 
are in good agreement with the observed values. The equation can be ap- 
plied at different dielectric constants by using one result to calculate the 
reaction constant p, and from this value and Hammett's value for <r to 
calculate the /^a^bo value of another acid. For example, for m-chloro- 
benzoic acid at Z) = oo , 

p = = 126 . 

^ «r 0.373 

and the calculated value for log Kr^ for p-chlorobenzoic acid is 0.16, which 
is identical with the observed value. In methyl alcohol the observed value 
is 0.30, as against 0.34 by a similar calculation. For a meditun of dielec- 
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trie constant of 25 the calculated value is 0.41, while the observed value 
in ethyl alcohol is 0.44 and in dioxane-water is 0.39. More data on the 
substituted benzoic acids are needed in non-aqueous solution. 

The free energy of the reaction is given by 


= 2.30ft r log Ka^bo = W (12) 

where W is the work of transferring a proton from one acid to the other. 
The values of AF at /) == <» and in the solvent, w ater, are given in columns 
4 and 6 of table 10. Gurney (7) has accounted for the energy by two 
effects, the potential energy due to electrostatic (Fei) and to non-electro- 
static (Fnon) forces. The non-electrostatic energy yields the Morse type 
of curve showing a minimum at a definite distance. This part of the 
energy is assumed to be independent of temperature and may be evaluated 
from Ka,bo at D = oo , where the electrostatic forces do not operate. The 
electrostatic energy may be evaluated from the experimentally determined 
slopes of figure 5 by the equation 

J _ log - lOR 

l/D “ 2730fir “ 2.30i2r ^ ’ 

The values of the electrostatic energy are given in column 6 of table 10. 


,, - 2.303Z.ftT .47’ 

~ D 

where A ^ f(T). 

AS _ ^ _ V ^ 

dT ~D df~ f *' dr 


Since ^he ^'alue — 0.005 for water w^e have 


AS = - T., + 0.005^ 


(14) 

(15) 

(16) 


The values of AS are given in the last column of table 10. The calculated 
values of AS correspond in sign and order of magnitude to those calculated 
from AF and AH values (8). This indicates that Gurney\s (7) assumption 
of a temperature-independent factor (Fnon) is valid. 


SUMMARY 

1. Relative acid strengths of carboxylic acids have been measured in 
the solvents water, methyl alcohol, ethyl alcohol, and water-dioxane 
mixtures. 

2. It has been demonstrated that log is a linear function of 1/D 
between D = 26 and D = 80. 
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3. A comparison of the relative acid strengths in two solvents of equal 
dielectric constant showed that, for carboxylic acids, the relative strengths 
were the same. 

4. Intrinsic acid strengths have been determined by extrapolation. 

6. The entropies have been calculated from the relation between a^^bo 
and the dielectric constant. 

The authors would like to make due acknowledgment of a research 
grant made to one of us by the Faculty Research Committee of the Uni- 
versity of Pennsylvania, and of a grant from the Penrose Fund of the 
American Philosophical Society for the continuation of the work. 
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EXPERIMENTAL STUDIES OF THE IONIZATION OF 

ACETIC ACIDi 

HERBERT S. EARNED 

Department of Chemistry ^ Yale University ^ New Haven, Connecticut 
Received October 12, 1938 

From measurements of the electromotive forces of cells without liquid 
junction of the type 

H 2 I HAc(mO, NaAc(m 2 ), NaCKma), X% solvent-r% H 2 O | AgCh Ag 

we have succeeded in obtaining accurate ionization constants of acetic 
acid in aqueous solution (3), in some methanol-water mixtures (5), and in 
20, 45, and 70 per cent dioxane-water mixtures (6). These determinations 
were extended to cover a temperature range of from 0° to 50°C., so that 
they constitutes the most extensive, accurate determination of an ioniza- 
tion constant of a weak electrolyte as a function of the temperature and 
of the dielectric constants of the solvent media. 

Tlie values of the ionization constant in dioxane-water mixtures deter- 
mined by Harned and Kazanjian (6) were preliminary, and depended on 
standard potentials of the cells derived by the Debye and Huckel theory 
without the use of extended terms. These have been reevaluated (1, 2) 
by the more refined method, and final values of the ionization constant 
have been computed. 

Because of the value of results of this kind as an experimental contribu- 
tion to the statics and kinetics of ionization reactions, it seems appropriate 
to give a rdsum^ of the final results and an estimation of their accuracy. 
In addition the heat content, the heat capacity, and the entropy of the 
reaction have been computed. 

THE IONIZATION CONSTANT 

Table 1 contains the revised values of the ionization constant K in 
dioxane-water mixtures containing 20 per cent, 45 per cent, and 70 per 
cent by weight of dioxane. No revision has been made of the values 
obtained by Hamcd and Ehlers (3) in water and by Harned and Embree 
(6) in methanol-water mixtures. 

1 Presented at the Symposium on Intermolecular Action, held at Brown University. 
Providence, Rhode Island, December 27-29, 1938, under the auspices of the Division 
of Physical and Inorganic Chemistry of the American Chemical Society. 

275 



276 


HERBERT S. HARNED 


The absolute accuracy of these results is difficult to estimate, since un-' 
certainties arise not only in the extrapolation which sdelds the required 
standard potential of the cell, but also in the extrapolation from which 
the ionization constant is obtained. At 26®C. an error of 0.1 millivolt in 
the extrapolated electromotive force corresponds to an error of 0.002 and 
0.003 in (— log K), or an uncertainty of 0.5 to 0.7 per cent in the value 
of K. In aqueous solutions where the extrapolations are more certain, 

TABLE 1 

Ionization constant of acetic acid in dioxane-water mixtures 


X =* per cent of dioxane by weight; Z> dielectric constant 


t IN •€. 

A" «• 20 PBR CENT 

X * 45 PER CENT 

A' «• 70 PER CENT 

D 

KXIO* 

D 

iCX KT 

D 

K X 10» 

0 

69.2 j 

4.75 

44.3 

4.78 

20.4 

4.75 

5 

67.4 

4.87 

43.0 

4.89 

19.8 

4.83 

10 

65.7 

4.98 

41.9 

4.96 

19.2 

4.89 

15 

64.0 

5.05 

40.7 

t 4.96 

18.7 

4.83 

20 

62.4 

5.09 

39.6 

4.96 

18.2 

4.83 

25 

60.8 

5.11 

38.5 

4.93 

1 17.7 

4.78 

30 

59.9 

5.08 

37.4 

4.86 . 

17 2 

4.69 

35 

57,7 

! 5.03 

36.4 

4.75 

16.7 

4.56 

40 

56.3 

4.95 

35.4 

4.61 

16.3 

4.42 

45 

54.8 

4.86 

34.4 

4.44 

15.8 

4.22 

50 

53.4 

4.73 

33.4 

1 4.28 

15.4 

1 4.05 


TABLE 2 


Parameters and constants of equation 1 


SOLiVENT 

PER CENT BY 
WEIGHT OF 
METHANOL OR 
DIOXANE 

i 

LOO Km 

e 

LOO Km — P9* 

2pe 

Water 


5.2456 

22.6 

5.1945 

0.00226 

Water-methanol — 

10 

5.0959 

27.0 

5.0585 

0.00270 

Water-methanol 

20 

6.9207 

31.5 

6.8710 

0.00315 

Water-dioxane 

20 

6.7073 

24.6 

6.7073 

0.00246 

Water-dioxane 

45 

7.6951 

15.26 

7.6951 

0.001526 

Water-dioxane 

70 

9.6866 

10.42 

5.6868 

0.001042 


the error in the determination of K is of the order of ± 0.2 per cent. In 
the other solutions the error is estimated to be not less than ± 0.3 per 
cent and not more than ± 0.7 per cent. The uncertainty increases with 
decrease in the-dielectric constant. 

The experimental results may be expressed accurately by the simple 
equation of Hamed and Embree (4), namely, 

log K = [log - pen + 2pet- pt^ 


( 1 ) 
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where jRTm is the value of K at its maximum, 6 is the temperature at which 
-K is a maximum, p has the value of 5 X 10“^ deg.“^ and t is the Centigrade 
temperature. Values of the parameters and constants of this equation 
are given in table 2. The maximum deviation between the observed 
values and those calculated by this equation is 0.004 in log K and occurs 
in the cases of media containing 45 per cent and 70 per cent of dioxane. 
The average deviation is 0,002 or less. This is approximately the esti- 
mated accuracy of the experimental values. 


HEAT CONTENT, HEAT CAPACITY, AND ENTROPY CHANGES 

The changes in heat content and heat capacity accompanying the 
reaction are given by the equations 


AH = -4.575 X - 6) (2) 

ACp = -4.575 X + 2 (i - $)) (3) 

derived by the differentiation of equation 1. The changes in free energy 
and subsequently in the entropy may be obtained from the customary 
fundamental thermodynamic relations, 


AF = - 2.3026ftr log K 


AS = - 



Values of these quantities at 25®C. are given in table 3. 


(4) 

(5) 


TABLE 3 

Free energy ^ heat content^ heat capacilieSf and entropy changes at 


SOLVENT 

PER CENT 
BY WSIOHT 
OF METH- 
ANOL OR 
DIOXANE 

D 

AF 

A// 

(- ACp) 

AS) 




calories 

calories 

calories 

calories 

Water. 


78.5 

6486 

-98 

41.3 

22.1 

Water-methanol 

10 

74.0 

6690 

! 81 

40 1 

22.2 

W ater-methanol 

20 

69.2 

6930 

264 

38.9 

22.4 

Water-dioxane 

20 

60.8 

7216 

-16 

40.8 

24.3 

Water-dioxane. 

45 

38.5 

1 8600 

-394 

43.3 

30.2 

Water-dioxane . . 

70 

17.7 

11347 

1 -594 

44.6 

40.1 


The determination of AF is accurate and the error in its estimation is 
less than 0.1 per cent. Owing to the difficulties of determining a quantity 
by differentiation, the values of AH are subject to a large error, estimated 
to be of the order of 100 cal. It is possible that by using the same function 
(equations 1 and 2) the relative error is less than this. In any case, the 
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increase in AfiT with increasing alcoholic content and the decrease with 
dioxane content of the solvent have a real significance. The error in AS 
is determined by the error in AH and amounts to approximately 0.3 cal. 
The absolute value of (— ACp) is probably known within 3 cal., but the 
relative error is less than this, and the tendency of this quantity to de- 
crease in the alcoholic solutions and to increase in the dioxane solutions 
is real. The temperature, d, at which the maximum of K occurs is known 
within 2®C. in all cases, and probably within a narrower limit than this in 
most cases. These estimates arc approximations designed to show how 
much confidence may be placed in these results. This method of computa- 
tion gives the best results in the middle temperature range and should be 
reliable from 10® to 40®C. 

VARIATION OF IONIZATION CONSTANTS WITH MACROSCOPIC DIELECTRIC 

CONSTANT 

This method measures the sum of the concentration of free protons, 
hydronium ions, and solvated protons which we represent by m^. The 
principal reaction is certainly 

HAc + H 20 ;=iH 30 + + Ac- 

since even in the 70 per cent dioxane mixtures the mole fraction of w’ater 
is of the order of 0.7. Evidence for this conclusion may be derived from 
the studies of hydrochloric acid in these mixtures both by conductance 
and by electromotive forces. The latter may be computed by the ex- 
tended Debye and Hiickel theory by employing the same mean distance 
of approach of the ions, a, at all temperatures from 0® to 50®C. in 70 per 
cent dioxane solution as in water (2). Conductance measurements give, 
according to Bjerrum's theory of ionic association, a value for ‘‘a” of oA. 
in 82 per cent dioxane mixtures, whereas 5.6 A. fitted the electromotive 
force measurements in the 70 per cent solutions. This is not direct evi- 
dence, but it shows that the results may be computed on the assumption 
that the same species of solvated ion is predominant in all the media. 
Transference number data may help to elucidate this question. 

In figure 1, log K — log Ko has been plotted against the reciprocal of the 
dielectric constant. Ko and K are the values of the ionization constant 
in pure water and in the water-solvent mixtures, respectively. The lower 
curve represents the variation of the ionization constant of acetic acid, 
(whWac/wihac)/i-o dioxane-water mixtures (circles). Values of this 
quantity in inethyl alcohol-water mixtures are indicated by crosses within 
squares. For purposes of comparison, log JRlo — log K (derived from 
recent results^) of the ionization constant of water, whWoh/^HioI pure eolvent) 

* Measurements of suitable cells by Mr. Leslie Fallon in this laboratory. 
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is shown in the middle curve. The top curve is a similar plot for 
Wh^h-^Hjo/^Hjo] pure toiveuii wherc i^Hjo Is the mole fraction of water. 
This quantity may be used as a rough estimate of mnwioH- 



WHtnAc I 

WHAc 

rngmAcl 

mHAc „ 


in dioxane-water mixtures 

0 


in methanol-water mixtures 

0 


whwqh 

jO J solvent 


in dioxane-water mixtures 


“HjO J puMiotTMlt 


dioxane- water mixtures 
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There are a few conclusioiis apparent from this plot: (/) The plots 
possess a distinct curvature. (£) The extent of the variation of the ioniza- 
tion constant of water is of the same order of magnitude as the variation 
of the ionization constant of the acid. On the other hand, since the scale 
of the figure is not large, the difference is considerable and may be measured 
accurately. The reaction for the water ionization may be assumed to be 

HsO + H,0 ^ H,0+ + OH- 

80 that the difference between the water and acetic acid curves corresponds 
to the variation in the logarithm of the equilibrium constant of the hy- 
drolysis reaction, 

Ac- + H*0?±HAc + OH- 

SUMMARY 

1. Revised values of the ionization constant of acetic acid in dioxane- 
water mixtures have been tabulated. The probable accuracy of the results 
has been estimated. 

2. The results have been expressed as a function of the temperature by 
the approximate equation 

logiS-- logX*- p«-0)2 (1) 

and the parameters and $ have been tabulated. 

3. Values of AH, ACp, and AS of the ionization reaction at 25°C. have 
been tabulated. The probable errors of their determination have been 
estimated. 

4. The variation of the logarithm of the ionization constant with the 
reciprocal of the dielectric constant has been discussed and contrasted 
with a similar variation of the ionization constant of water. 
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DISCUSSION OF THE PAPERS PRESENTED AT THE 
SYMPOSIUM ON INTERMOLECULAR ACTION^ 

Intermolecular Forces and the Properties of Gases (page 15). J. 0. Hirsch- 

FELDER AND W. E. Roseveare (University of Wisconsin). 

J. H. Hildebrand (University of California) : I should like to comment 
on several items in this unusually interesting contribution. First, I agree 
that liquid butane should show evidence of hindered rotation in the liquid 
phase. I think that I shall be able to show the presence of structure in 
non-associated liquids such as this by examination of the small departures 
from my rule regarding entropy of vaporization. 

Second, someone could perform a service by getting accurate measure- 
ments of (dp/dT)v for vapors of some of the tetrahalides for which we al- 
ready have such data for the liquids. 

Third, I have quite recently secured evidence of an altogether different 
sort regarding the change in the slope of the energy versus density lines. 
This is being published in a forthcoming issue of the Journal of Chemical 
Physics. Briefly, it indicates that the ^‘constant^^ a in the equation 

dE/dV = a/F* 

falls off by several per cent while a liquid expands through a rather long 
temperature interval. This effect may prove to be uniform for all normal 
symmetrical molecules, which will make it extraordinarily useful. 

Fourth, I believe that in changing from liquid to vapor the a will fall 
off appreciably, owing to the change in the distribution function, W(r), 
I think that for a gas this is somewhat different from the form given in 
figure 8 (page 33). The peak for the liquid is due to the interference of 
the central molecule, on one side, and the molecules of the second rough 
layer on the other. The latter are absent in the gas and all positions have 
unit probability except very close to the central atom where the attractive 
force causes sicceleration, diminishing the time spent and causing a down- 
ward bending of the function. 

* This Symposium on Intermolecular Action was the third annual symposium of 
the Division of Physical and Inorganic Chemistry of the American Chemical Society. 
It was held at Brown University, Providence, Rhode Island, December 27-29, 1938. 

Only comments received in written form are included in this discussion. The 
officers of the Division are not responsible for any of the opinions expressed. 

The page numbers given refer to Volume 43 of This Journal, unless otherwise 
noted. 
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G. ScATCHARO (Massachusetts Institute of Technology) : With the pos- 
sible exception of measurements at very low pressures, the severest test of 
any equation of state is the p-V-T relationship itself. The energy is a 
less satisfactory criterion, particularly near the extreme of the experi- 
mental temperature range. If the energy is a linear function of the 
density, the change with temperature of 

V(pV/RT -1) = B' + C'/V -I- D'/P -!-••• 

is independent of the density. Examination of the experimental data 
shows, however, that, for water between 440® and 460®C., the contribu- 
tion of C', D\ etc. varies more than B' does. The same is true for carbon 
dioxide at 125° and 150®C. only up to a density of 100 Amagat units. 
These results may mean merely that the material for comparison was not 
well chosen, and that experimental measurements have not been carried 
to a really “high temperature” for either of these substances. 

The Liquid State (page 37). John F. Kincaid (University of Rochester) 

AND HBiray Etrinq (Princeton University). 

W. H. RoDEBxrsH (University of Illinois): The concept of communal 
entropy as introduced by Dr. Eyring and his colleagues implies a difference 
in entropy which amounts in the limit to R units between gases at N.T.P. 
and crystalline solids. Liquids presumably acquire this entropy at higher 
temperatures. It is, of course, easily demonstrated from the Bose-Ein- 
stein statistics that the process of partitioning the space occupied by a 
gas in cells of equal volume with each cell occupied by one molecule would 
decrease the entropy by R units. While the process involved in this 
partitioning is physically impossible, there is no objection to discussing 
the abstract case. 

On the other hand, one may pass from this example to an example of 
an ideal crystal by supposing the molecules to be transformed into har- 
monic oscillators without any interaction. The entropy of such a system 
of oscillators is given by the Einstein expression, and it will be seen at 
once that it is less by R units than the value given by the Debye formula 
for an actual monatomic lattice. It follows, therefore, by this argument 
that all forms of matter— solid, liquid, and gaseous— must acquire this 
so-called communal entropy at higher temperatures. 

As a matter of fact, the R imits of entropy are seen not to depend upon 
a free volume but rather to involve the question of whether the wave func- 
tion is limited to the volume occupied by the molecule or not. For ex- 
ample, in the hypothetical model of gas or crystal the wave function is 
bounded by the walls of the partition, while for an actual gas the wave 
fimction has a value throughout the whole volume occupied by the gas, 
and for the exact description of a real crystal the wave function must be 
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written for the crystal as a whole. The behavior of liquids will be com- 
mented on in connection with the next paper. 

J. H. Hildebrand (University of California): In my forthcoming 
paper referred to in my comments on the paper of Dr. Hirschfelder and 
Dr. Roseveare, I give evidence, somewhat to my own surprise, that mer- 
cury, in spite of its metallic character, can properly serve as an illustration 
of a normal liquid in the manner used by Dr. Kincaid and Dr, Eyring. 

The Stale of Liquid Helium near Absolute Zero (page 49). F. London 

(University of Paris). 

W. H. Rodebush (University of Illinois): The discussion of liquid 
helium by Dr. London is extremely interesting. Some years ago I called 
attention to the fact that the entropy of liquid helium might be reduced 
to zero, even though the liquid were in completely unordered state (J. 
Chem. Phys. 2, 668 (1934); Phys. Rev. 47, 613 (1935)). In arriving at 
this conclusion I assumed that the liquid mass acted as a single molecule 
and that a single wave function could be written for the whole number of 
atoms in a manner analogous at least to the treatment of electrons in a 
metal. 

The Bose-Einstein statistics must be used, of course, and I suggested 
that, since the number of configurations was not large and the potential 
barriers between configurations low, the multiplet separation might be 
considerable, and thus that liquid helium might reach the lowest energy 
state at finite temperatures giving, of course, zero entropy, with an entirely 
random and constantly shifting arrangement of molecules in th? liquid. 
The striking fact of superfluidity lends strong support to this idea. If at 
the lowest energy level one configuration of helium molecules may flow 
into another without traversing a high potential barrier, so that the multi- 
plet separation is considerable but the energies are limited to a narrow 
band, one would, of course, expect a very erratic behavior of the specific 
heat curve. The entropy would, of course, be zero when the system is 
in the lowest energy state. Furthermore, the resonance between the 
various configurations might contribute appreciably to the stabilization 
of the liquid phase relative to the crystal. 

Order and Disorder in Liquid Solutions (page 97). John G. Kirkwood 

(Cornell University). 

J. H. Hildebrand (University of California) : Dr. Kirkwood need not 
apologize for dealing with a problem of only theoretical interest as there 
are, actually, a number of non-polar components forming two liquid phases. 
Foreseeing the interest in this kind of problem, I have discovered a number 
of such systems, including iodine with carbon tetrachloride, stannic iodide 
with silicon chloride and with various parafiins, phosphorus with carbon 
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disulfide and other substances. I hope that Dr. Kirkwood and others will 
play with these systems. 

It has been my thought that light should be thrown on the extent of 
clustering by discrepancies existing near the oonsolute temperature be- 
tween the actual solubility curves and curves calculated with neglect of 
the clustering effect. 

G. ScATCHABD (Massachusetts Institute of Technology) : It will doubt- 
less be very difficult to check experimentally the theory of Dr. Kirkwood’s 
paper, especially from the mutual solubility. The calculated free energy 
of the mixture differs from that of a regular solution in two ways. At 
constant temperature the free energy versus mole fraction curve is flatter, 
and at constant composition the excess free energy increases with increas- 
ing temperature. The first effect tends to flatten the solubility versus 
temperature curve and the second tends to make it less flat, so that the 
two tend to compensate. I believe the most important result of such 
calculations is the conclusion, reached by both Dr. Kirkwood and Rush- 
brooke, and now by Guggenheim (Proc. Roy. Soc. (London) A169, 134 
(1938)), that the effect of order is very small for spherical molecules even 
at the consolute temperature. 

Several Solutions of Non-'polar Substances (page 109). J. H. Hildebrand 

(University of California). 

J. H. Hildebrand (University of California): The results referred to 
in the footnote on page 113 have been obtained and are published on 
page 299 of this issue. 

Paul Gross (Duke University): The hypothetical case considered by 
Fowler and Rushbrooke and quoted by Dr. Hildebrand, of two components, 
the molecules of one of which occupy one point each in a lattice, while 
the molecules of the other occupy two adjacent lattice points, is realized 
about as well as can be hoped for by the system benzene-diphenyl. Re- 
cently Dr. Gilmann and I published determinations at a number of tem- 
peratures of the partial pressure of benzene from its solutions with di- 
phenyl (J. Am. Chem. Soc. 60, 1525 (1938)). With the method employed 
it was possible to make determinations only from 0.7 to 1.0 mole fraction 
of benzene. In this region, however, Raoult’s law for pressures was 
obeyed closely. It is of interest to note that this is the region where 
Fowler and Rushbrooke find a practically linear relation between the 
partial vapor density of the single molecules and their mole fraction. 

G. Scatcbabd (Massachusetts Institute of Technology): Although I 
should like to discuss each part of Professor Hildebrand’s very interesting 
paper, time will permit only calling attention to one very different 
treatment of long-chain hydrocarbons. Berger (Rec. trav. chim. 
67, 1029 (1938)) has very recently measured the boiling point elevation 
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of solutions of long-chain hydrocarbons in n-hexane, as well as in cyclo- 
hexane and in benzene. He finds positive deviations from Raoult’s law 
with n-hexane when the number of carbons in the solute molecule is less 
than sixteen, and negative deviations when there are more than sixteen 
carbon atoms. It is interesting to compare his picture of such solutions 
with that of Professor Hildebrand, for he believes that the long-chain hy- 
drocarbons are so coiled that there are parts of their surfaces that cannot 
make contact with another long-chain hydrocarbon, although they can be 
reached by the smaller hexane molecules. My computations indicate that 
it would be sufficient to account for the effect of the longest chains he 
studied, which contained thirty-one and thirty-three carbon atoms, if one 
five-hundredth of the surface were so sheltered. 

The Effect of Intermolecular Action upon Dielectric Polarization (page 131). 
Charles P. Smyth (Princeton University). 

J. G. Kirkwood (Cornell University): It seems likely that the Onsager 
calculation of the local field in polar dielectrics and the Debye theory of 
hindered rotation may have a common physical background. The de- 
parture of the local polarization from its average value near a dipole 
molecule, implicit in the Onsager theory, involves correlation of the 
orientations of the central dipole and those constituting the medium. This 
is a form of hindered rotation due to the electrostatic interaction. The 
Debye theory, on the other hand, takes account, in an empirical manner, 
of hindered rotation due to all intermolecular forces. Electro.static forces 
probably constitute an important part, if not the dominant part, of the 
interaction responsible for hindered rotation. ' 

The Problem of Free Rotation in Complex Dipolar Ions in Solution (page 
143). Jeffries Wyman, Jr. (Harvard University). 

J. Wyman, Jr. (Harvard University): In reading the preprint I note 
two errors which were passed over in the proof. In the first place, the 
numerical values listed for C^/nC\ on page 146 are in reality values for 
the square root of this quantity. The correct values for C^/nC\ are: 
« = 2, 1.33; n = 3, 1.52; n = 4, 1.63; n = 10, 1.85; n -+<», 2. In the 
second place, the second sentence on page 147 should read: “For this 
case . . . the values obtained for . . . increase somewhat wore rapidly 
than in proportion to n.“ 

The Apparent and Partial Molal Heat Capacities and Volumes of Glycine 
and Glycolamide (page 153). Frank T. Gucker, Jr., William L. Ford, 
AND Charles E. Moser (Northwestern University). 

J. H. Hildebrand (University of California): It may not be out of 
place to utter here a few words intended not in any way as a criticism 
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of the paper under discussion but as a general caution to workers with 
such systems. The partial derivative of any extensive property of a 
binary solution with respect to the number of moles of one component 
is defined as the partial molal property of that component. Its magnitude, 
however, may depend largely on what happens to the other component. 
For example, when the partial molal volume of a salt in aqueous solution 
is negative it is mainly the change in water structure that is responsible. 

Studies in the Physical Chemistry of Amino Adds, Peptides, and Related 
Substances. XII. Interactions between Dipolar Ions in Aqueous Solu- 
tion (page 169). Edwin J. Cohn, T. L. McMebkin, John D. Ferry, 
AND Muriel H. Blanchard (Harvard Medical School). (Also preceding 
paper.) 

R. M. Fuoss (General Electric Company); The preliminary theory of 
dipole-dipole interaction (R. M. Fuoss: J. Am. Chem. Soc. 56, 1027 
(1934); 68, 982 (1936)) contains several physical and mathematical ap- 
proximations, which limit its generality. The parameter which appears 
as the independent variable contains the ratio (j^/Da*), where n is the 
dipole moment (ji* of Onsager’s theory), a is a diameter of the dipole 
molecule, and D is the dielectric constant of the solvent, assumed to be a 
homogeneous continpum. Several models for the dipole molecule were 
used, but both assumed point dipoles at the center. Considerable improve- 
ment, for comparison with the data of Professor Gucker and of Professor 
Cohn, can be expected by replacing the point dipole model with a model 
in which the dipole consists of discretely separated charges. The rough 
agreement found, by the above authors between their experimental data 
and the slopes predicted by the theoiy is undoubtedly due to a compensa- 
tion of approximations in the theory; the theory was originally developed 
for the case of solvents of low dielectric constant, such as benzene, but 
the large moments of the amino acids compensate to a large extent for the 
large dielectric constant of water in calculating the parameter {p^/Da^). 

The agreement is actually better than appears at first sight, because 
both authors used independent values of p and a in their calculations, and 
in work of this sort the parameter a is usually left as an arbitrary constant 
to be derived from the data. When the physical approximations are con- 
sidered, it does not seem unreasonable to expect different a values to be 
obtained from different kinds of data, because the differences between 
model and molecule appear in different ways in electrical, hydrodynamic, 
and thermodynamic properties. 

The approximation of the solvent as a continuum, described electrically 
solely by its macroscopic dielectric constant D, could be improved by 
using * dielectric constant D(r) which was a function of the distance r 
from an ion or dipole molecule. A solvent molecule near an ion or strong 
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dipole cannot rotate at all in the external field, and even the electronic 
polarization is saturated. Near an electrical singularity, therefore, the 
effective dielectric constant is unity. At a distance u, given by ixe/r^DkT 
= 1, from an ion, a dipole has an equal chance of being oriented by the 
central ion or assuming a random orientation. In this range of distances 
the dielectric constant is approximately n*, the square of the index of refrac- 
tion. For very large distances D(r) becomes the macroscopic dielectric 
constant. We therefore expect that D(r) will be an S-function, starting 
at D{a/2) = 1 and approaching D( « ) = D. This function can be ap- 
proximated by a step function: 

D{r) = 1, a/2 < r < ma 

D(r) = n^, ma < r < ro 

D(r) = D, ro < r < 00 

where m is a small number, so that ma equals the radius of the central 
molecule plus the thickness of several layers of solvent molecules. 

G. ScATCHABD (Massachusetts Institute of Technology): The insuffi- 
ciency of a dipole of infinitesimal length, but finite moment, at the center 
of a sphere for the representation of the positions of charges in a molecule, 
to which Dr. Fuoss has called attention, is especially marked in those 
substances to which “hydrogen bonds” have been attributed, because in 
them the protonic charge is so near the surface of the molecule. There 
is reason to suppose that most of the interaction is electrostatic even be- 
tween hydroxyl radicals. The change in infrared frequency indicates that 
the distribution of charges is altered by the presence of the “acceptor,” 
but gives no evidence that the interaction energy is greatly changed 
thereby. 

Pressure-Volume-Temperature Relations in Solutions. I. Observations on 
the Behavior of Solutions of Benzene and Some of its Derivatives (page 207). 
R. E. Gibson and 0. H. Lobffleb (Geophysical Laboratory, Carnegie 
Institution of Washington). 

J. H. Hildebrand (University of California) : I should like to make a 
comment on the Tait equation. Of its use to correlate these well-chosen 
and evidently accurate ^ta I have not the slightest criticism, but it has 
a form whose theoretical significance is not easy to see. It deals with in- 
crements rather than differentials, and it adds one more to the already 
rather baffling list of internal pressures. It uses p + B. What is the 
relation of B to the terms in the thermodynamic equations of state, such 
as, 

p + (djE?/dF)r = Tidp/dT), = TidS/i>V)T 
Dr. Gibson could help us by touching upon such relationships. 
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R. E. Gibson (Carnegie Institution of Washington): The relations re> 
quested by Professor Hildebrand are discussed in a paper with Dr. Kin- 
caid (J. Am. Chem. Soc. 60, 511 (1938)). 

Association throtigh Hydrogen (page 219). W. H. Rodebush and A. M. 
BtxswELL (University of Illinois). 

L. Michaelis (Rockefeller Institute for Medical Research): The for- 
mation of a hydrogen bond has attained a great importance in the theory 
of the structure of proteins. A first attempt to formulate such bonds 


would be formula I. 
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la is a ketonic structure, Ib an enolic one. The first is much more favored 
in a peptide group. la and Ib would be two arrangements of very different 
stability, so there cannot be any appreciable resonance, or, in other words, 
there can be no appreciable hydrogen bond. However, another formula- 
tion would be II, which would mean resonance between Ila and Ilb. 

R R R R 

C=0 HO— C i— OH 0==»C 

il— H A A H— A 

I I I I 

R R R R 

Ila lib 

Here each limiting state (Ila or lib) shows the enol structure, which of 
its own account should be not very stable. However, in the combination 
of both.limiting states Ila and lib, which are symmetric to each other, 
there should be strong resonance; m other words, there should be a hydro- 
gen bond. So I propose the hydrogen bond for peptide structures such 
as II. This formulation gives an entirely different aspect of the hydrogen 
bond in peptides, which may have a very essential bearing for considera- 
tion of protein structures. 

Non-Coulombic Interactions in Solutions Of Electrolytes (page 231). 

Chables a. Kkaus (Brown University). 

M. Kilpatrick (University of Pennsylvania) : The results with partially 
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substituted ammonium salts indicate that these compounds exist to some 
extent in the form of non-ionic molecules. In aprotic solvents, such as 
nitrobenzene and ethylene chloride, the extent of non-ionic molecule 
formation might be expected to increase with increasing basic strength of 
the anion. Thus for the same cation the picrate would always give a 
lower dissociation constant than the perchlorate. In a basic solvent 
such as pyridine the solvent plays a role and we may write 

R«N:H:P + (R«N:H:S)+ -f P- 

which will make the dissociation constant less dependent on the anion. 

Considering a series of salts with the same anion in aprotic solvents the 
extent of non-ionic molecule formation would show some correlation with 
the acid strength of the cation. These acid strengths will vary with the 
solvent. The leveling effect of a basic medium is again illustrated in the 
last column of table 2 (page 237). 

Kasimir Fajans (University of Michigan) : For the explanation of the 
important results obtained by Professor Kraus some points of view may 
be of interest, which have proved to be of value in different lines of research 
pursued by my collaborators and myself in the last fifteen years (Natur- 
wissenschaftcn 11, 165 (1923); Z. Krist. 66, 18 (1925)). We know now 
that in considering the non-Coulombic interaction between ions as well 
in solution as in the more simple cases of a gaseous molecule or a crystal 
lattice, the following factors must be taken into account besides the po- 
tential of repulsion: the mutual polarization of ions, the wave mechanical 
exchange energy, and the van der Waals' attraction. The quantitative 
treatment is obviously very complex. But for qualitative understanding 
of numerical relations the problem can be simplified considerably. So in 
the case of simple, inorganic ions the polarization of the anion in the field 
of the cation predominates over the opposite effect (Z. Elektrochem. 34, 
502 (1928)). But the stronger the polarization of the anion, the more 
its electronic shell is pulled toward the cation, the less the polarity of the 
compound, and the more does it approach the covalent type of binding. 
In general, the share of the wave mechanical covalent exchange energy 
will go parallel with the polarization of the anion. On the other hand, 
the van der Waals' attraction, as F. London has shown, depends also 
upon the polarizability of the particles involved. Thus it is understand- 
able why the polarizability of ions and molecules and their polarizing 
ability proved to be such important factors in the explanation of numerous 
properties of inorganic substances and their aqueous solutions ; specifically 
of properties due to non-Coulombic interaction, summarized under the 
term ‘‘deformation'' of ions and molecules. 

The organic substances dealt with in the paper of Professor Kraus are 
more complicated, ajid it is more difficult to estimate the role of different 
factors, but some of the results can be shown to be closely related to those 
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found in the cases of simpler compounds. It is stated that, in nitro- 
bensene as solvent, hydrochloric acid is a weak electrolyte, whereas per- 
chloric add is strong, and that the dissociation constant of butylammo- 
nium perchlorate is higher than that of the picrate. In ethylene chloride 
the psrridonium perchlorate is a stronger electrolyte than the picrate. All 
of these facts are undoubtedly connected with the small polarizability of 
the perchlorate ion. Its measure is the molar refraction (3.4 cc.) of one 
oxygen octet of the perchlorate ion, which is considerably smaller than 
the refraction of the chloride ion (9 cc.). It is difficult to give an exact 
value for the polarizability of that part of the complex picrate ion which 
is involved in the association of the cation with it, but this value is cer- 
tainly larger than the polarizability of the perchlorate ion. The effect of 
the deformation of the anion upon the degree of dissociation of the elec- 
troljrte is the same as has been pointed out by Professor Kraus for the 
quantum forces and is obviously analogous to that which has been dis- 
cussed in detail for the case of solubility (Z. Krist. 66 , 18 (1925)). The 
energy of solvation of the free ions has to be overcome, besides the Coulom- 
bic attraction, also the energy of deformation (polarization, the covalent 
exchange energy, etc.). 

Of great interest is the decreasing effect of the protons contained in the 
cation on the dissociation constant of the electrolyte. An analogous effect 
was found in the study of the change with concentration of the molar 
refraction of ammonium salts and strong acids in aqueous solutions (Z. 
physik. Chem. 137, 361 (1928)). This change is considered as the re- 
fractometiic evidence of the association of ions, and its strength shows, 
in the case of numerous strong electrolytes, a gradation which can be 
understood from the point of view of the properties of the ions involved. 
But in the case of the ammonium salts and strong acids the refractometric 
effect was stronger than expected. It was necessary to assume that here 
the association of the ions is connected with a shift of the protons inside 
the NH 4 + or OH»+ towards the anion. This shift of the protons is ac- 
companied by an increase of the polarizing effect of the cation on the anion 
and probably of the exchange energy of their binding. This gives, at 
least for these cases, a picture of that which is called “the hydrogen bond.” 

Ion Condtidances in Water-Methanol Mixtures (page 239). L. G. Longs- 

WORTH AND D. A. MacInnes (Rockefeller Institute for Medical Re- 
search). 

G. ScATCEABD (Massachusetts Institute of Technology): Since the 
change of mobility vdth changing solvent is approximately the same for 
three ions as different as Li+, Na+, and Cl~, it seems difficult to attribute 
this change to solvation. If the viscosity for all particles of atomic di- 
mensions differs from the macroscopic viscosity to about the same extent, 
these measurem^its would be explained. The measurement of transfer- 
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ence with polyvalent ions and of the diffusion of neutral molecules should 
yield interesting information. 


Thermodynamics of Strong Electrolytes in Protium Oxide-Deuterium Oxide 
Mixtures. I, Hydrogen Chloride (page 247). Evan Noonan and 
Victor K. LaMer (Columbia University). 

H. C. Urey (Columbia University): The very careful work that has 
been done by Professor LaMer and his colleagues has given us very exact 
data on the behavior of electrol3rtic solutions in protium and deuterium 
oxides and their mixtures, as well as a better understanding of the kinetics 
of reactions in these solutions. In this paper Dr. Noonan and Professor 
LaMer have made very precise measurements on the electr'opotential of a 
simple cell. I only wish to give, in brief, the results of some calculations 
relating to the very interesting maximum in the Eo—En curve as a function 
of the mole fraction of deuterium in the solution. The potential of this 
cell can be written in the following form: 


En = E^o 


RT [H,0+][Cn 
F Pk[H*0] 


( 1 ) 


where the symbols have their usual significance and where the H2O is in- 
cluded in the expression within the logaritlim, since its concentration 
changes with the composition of the water. As a first approximation we 
make the assumption that the constant El does not change with the mole 
fraction of deuterium in the water, and if this is true expression 1 gives 
the value for the potential for all compositions of the water and the gas 


providing we use the activity of H3O, the partial pressure of the H2, and 
the mole fraction of HjO. These can be calculated for a given value of 
the mole fraction of deuterium in the water in the terms of six equilibrium 
equations and four additional equations, as follows: 

H* + D* = 2HD 

K, 

H2O + D2O = 2HDO 

Ki 

H* + D2O = Ds + H2O 

K, 

D,0+ + 2H*Ot = 3H2DO + 

Ki 

2D,0+ + H,0+ = 3HD2O + 

Ki 

3D,0 + 2H,0+ = 3H2O + 2D3O+ 

K, 

Phi + Phd + Fdi — P 

IH2O] + [HDO] + [D2O] = 1 


[H,0+] + [H2DO+] + [HD2O+] + [D3O+] 

= [C1-] 

2lDtO] + [HDO] _ 

2 “ 
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The K’s are the equilibrium constants of the corresponding expressions, 
and a is the measured mole fraction of deuterium in the water, if the 
amount of oxonimn ion can be neglected relative to the water. 

The calculations are straightforward but tedious. The following equa- 
tion pves the result of these calculations: 


En 



[cn* 

p* 


RT r Ktr* - -|- 2Kzr^ -1-1? 1 1 

P “L K»r’‘+l-V^zr Jr+Zr^ir+®ir* + K|?'[H,0] 


where r is defined as the square root of the ratio of the [DjO] to the [HjO] 
in the water, and is given by the equation, 


/ 8a + Ki- 2K^a - 

[Z? -t- 4X2(4 - 

Kt)a - 4X2(4 - X2)a? 

Is — 8a — K% “t“ 2 K 2 OL 

- [Kl + 4X2(4 

- Ki)a - 4X2(4 - Xj)^? 


while the mole fraction of HjO is given by the expression, 


[H,0] = 


S - 8a -Ki + 2aKi - [Kl -f 4K'2(4 - Kt)a - iKtiKt - 4)a? 

2(4 - Ki) 


I have expanded this long and involved expression in terms of the mole 
fraction, a, in the region where a is small and also in terms of j3, the mole 
fraction of hydrogen in the water, in the region where j8 is small. This 
gives the following two equations for these two cases, respectively: 


En^ El - 


RT,[Cn 


rtTkIkI 

P L k\ 


-f 2 - 2 


K\Kn 
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Ki 


En 


El 
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El 


LKlKl 
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, Pi 
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RT, Kt 


The values of Eo and Ei for pure protium oxide and deuterium oxide, re- 
spectively, are given by these expressions by setting a and /3 equal to 
zero. 

The experimental value of Noonan and LaMer for Eo — Et enables us 
to calculate the constant Kt in terms of Ko, which is known from theoretical 
calculations to have the value 1/9.3. This calculation gives the value of 
Ko — 0.07693. It is easily seen that the slopes of the curve given by 
Noonan and LaMer are given by the quantities multiplying a and 0 of 
these expressions. 1 have taken the slope of the curve in the region of 
the small a to be 11.9 millivolts, while the slope in the region of small 

I have taken as 10.5 millivolts. In this way it is possible to calculate 
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Ki and Ki, since the values of Ki, Kt, Kg, and now Kt, are known. The 
result of the calculation gives K]'^ equals 2.662 and Kl'^ equals 2.794. 
Using these values of the constants I have calculated the potential at 
a = 0.75 and have secured the value 5.22 millivolts, instead of 6.0 milli- 
volts as pven by Noonan and LaMer. My experience with the calcu- 
lation shows that rather small changes in the constants would account for 
the discrepancy, though time has not permitted the calculation of the com- 
plete curve. It is quite evident that if the constants can be chosen to 
give the slopes of these curves at the two limits, the remainder of the 
curve will at least follow closely the curve given by these authors. 

The simple statistical values for K\'^ and Kl'^ would be 3 in each case, 
and thus the values calculated for these constants are certainly reasonable 
in view of our experience with exchange reactions of this sort. Thus the 
constants Kt and Kt have the values 3.26 and 3.27 instead of the simple 
statistical value of 4. This would lead us to expect, perhaps, that the 
constants Kt and Kt should be slightly less than the simple statistical 
values, which is the case. 

Of course, our experience with the vapor pressures of the varieties of 
water, the solubilities of salts in water, and similar phenomena, show that 
one can expect that the normal potential JSS, as given in equation 1, will 
not remain exactly constant over the whole range. If one assumes that 
it is necessary to add a linear term in the mole fraction, say Ka, to equa- 
tion 1, and that this temv is sufficient to account for the entire difference 
4.47 observed by Noonan and LaMer, some changes in the calculated 
constants result. In the first place, Kt becomes equal to Kt and the 
slope of the curve in the region in which a is small must be decreased by 
4.47, while the slope in the neighborhood of small jS must be increased 
by the same amoimt. This changes the entire equation and gives Kt = 
1/9.3, Kt* = 3.45, and Kl'* = 3.59. Our experience with exchange 
reactions between different isotopic varieties of the same chemical sub- 
stance leads us to expect that the constants K\'* and Kl'* will be less 
than 3 rather than greater than 3, and hence that no very great change 
in the calculation can be made in the direction indicated in this para- 
graph. Probably for most calculations the constants Kl'* and Kt* can 
be taken as equal to 3 without serious error. 

Similar calculations have been made by Schwarzenbach (Z. Elektro- 
chem. 41 , 46-55 (1938)). He makes assumptions in regard to the exchange 
reaction constants between the varieties of water and the varieties of 
oxonium ions, which are equivalent to the assumption that K\'* and Kl'* 
are each equal to the simple statistical value 3. His value for the constant 
corresponding to Kt is 117.72, owing to the different choice of the normal 
electrode potential of deuterium. 
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Add-BoK Equilibria in Aqueous and Nonroqueous Sdvtiona (page 259). 

L. J. Minnick and Martin Kilpatrick (University of Pennsylvania). 

M. Kilpatrick (University of Pennsylvania) : The following corrections 
should be made: Li equation 4 on page 266 Do7*'* should be (UoT)*^*. 
Equation 13 on page 273 should read 

AWD _ -V,iD 
2.30RT 2.30BT 

In conformity with equations 9 and 10, L is proportional to l/T, and 


equation 14 becomes 

,, -2.303LRT A 

= D " D 

(14) 

where A 9 ^ f{T) 



AS = 

—dAF A dD y d In iD 
dr D^dT •' dr 

(15) 

and for water as solvent 

AS = -0.005 F.1 

(16) 


The values of the electrostatic entropy in the last column of table 10 
(page 272) should be reduced to five-eighths of the values given. These 
entropies correspond with those calculated from AF and AH (8) in sign 
and in order of magnitude for the substituted benzoic acids, but, as pointed 
out by Hammett, they differ widely in the case of the aliphatic acids. 

J. G. Kirkwood (Cornell University) : Gurney’s criterion for estimating 
the relative importance of electrostatic and exchange forces in the free 
energy of transfer of a proton from an acid to a base is open to certain 
objections. Recent calculations of Westheimer and myself show that the 
electrostatic part of the free energy is not proportional to the reciprocal of 
the solvent dielectric constant, as Gurney assumes, but is a rather compli- 
cated function of this quantity. In many cases the electrostatic free 
energy of transfer is quite insensitive to the solvent dielectric constant 
and would be classified as non-electrostatic by Gurney’s criterion. It can- 
not be denied that exchange forces play an important r61e in the disso- 
ciation of weak acids. However, owing to their short range character, 
it is reasonable to suppose that they are very nearly the same in molecules 
carrying acidic groups of the same structure, as, for example, the aliphatic 
carboxylic acids. They would then cancel in the calculation of the relative 
dissociation constant of two such acids. 

Ezperimenial Studies of the Ionisation of Acetic Add (page 275). Herbert 

S. Harned (Yale University). 

H. S. Harned (Yale University): The symbols identifying the points 
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are omitted from the legend of figure 1 on page 279. They are, reading 
from top to bottom of the legend in order: O, Oa, □, and 

SUMMARY 

J. H. Hildebrand (University of California): I am tempted, as we 
close, to speak of certain contrasts between the language and points of 
view characteristic of our first day’s program and those of today. The 
investigators of electrolytic solutions are at home only at infinite dilution, 
where, however, they cannot make any measurements. Now it is a long, 
long way to infinite dilution, and the usual processes suffer from difficulties 
comparable to those that would attend finding one’s way between two 
villages in Flanders by going via Tipperary. I believe it would be worth 
while to try, for a change, some other standard state nearer at hand, such 
as the pure solid. This would make it possible to go from one solvent to 
another without getting lost. It is easy to forget that activity coefficients 
at infinite dilution in different solvents have nothing whatever in common. 

Another difference lies in the treatment of the solvent by workers with 
non-electrolytic solutions as a molecular species worthy of the same dignity 
as the solute, but by workers with electrolytic solutions simply as space 
with a dielectric constant. I think the latter will eventually have to 
adopt some of the language of the former. Water is a chemical substance. 
The actual geometry of polar molecules must be taken into account in 
addition to dipole moment. 

Finally, in all but extremely dilute solutions, mole fraction, as advised 
some time ago by Dr. Scatchard, will, I predict, replace volume concentra- 
tion and molality. The results that I have presented for the simple case 
of paraffin solutions emphasize the importance of the size of the solvent 
molecules. This may be masked by other factors in the more complex 
solutions, but it does not disappear. I predict that in our next symposium 
on solutions our points of view will be found convergent. 

G. Scatchard (Massachusetts Institute of Technology): As I review 
what has crystallized as written discussion from the fluid verbal remarks 
at the S 3 rmposium, it seems desirable to add a few words which I would 
have felt superfluous at the Symposium itself. I have worked more or 
less in every field covered by this Symposium, and I can assure Professor 
Hildebrand that nothing which I know when I work with non-polar 
mixtures is forgotten when I work with ions or dipolar ions. Furthermore, 
I truly believe that a larger fraction of the workers in the latter fields than 
in the former keep in mind the points that he has raised. 

There are times when we do follow Professor Hildebrand’s suggestion 
to avoid infinite dilution, but more often it is not desirable to do so if we 
are looking for a theoretical interpretation. It was hardly worth while to 
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leave one village in Flanders just to go to another village in Flandens; 
it was going to Tipperary that mattered. 

The other differences Professor Hildebrand finds are, I believe, largely 
matters of language. For example, the volume fractions which he and I 
use to measure compositions of non-polar mixtures may be regarded as 
concentrations in such units that the concentration of each pure liquid is 
unity. Also, although we do not forget the molecular structure of the 
solvent, there is little use in talking about it until a model recognizing this 
structure yields more accurate calculations than the crude model which 
ignores it. 

Like Professor Hildebrand, I felt that there was a difference between the 
first day and the last, but my interpretation of this difference is not the 
same as his. Since this Symposium coincided with the dedication of the 
new Metcalf Research Laboratory, it seems natural to compare the Sym- 
posium to a building. The first day we spent in a new wing, where the 
tenants were explaining the facade and the floor plan as a whole, even 
where the building was still only scaffolding. The last day we were in a 
wing which had been occupied for fifteen years by the same tenants and 
had had no large scale alterations for several years, so that the talk was 
largely of the perfecting of relatively small bits of hardware or furniture 
with a tacit assumption that everyone knew the general architectural plan. 

The fact that our ideas are less far apart than the words we use to tell 
of them can perhaps be expressed best by the speech of Senator Metcalf 
as he presented the keys to President Wriston a second time for the benefit 
of the news photographer who missed the first presentation, — “Same keys, 
same building, just another picture.” 



THE ENTROPY OF SOLUTION OF HEXANE WITH 
HEXADECANE 

J. H. HILDEBRAND and J. W. SWENY 
Department of Chemistry, University of California, Berkeley, California 
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In a section of the contribution^ by the senior author to the Symposium 
on Intermolecular Action some experimental figures were presented in- 
dicating that normal hexane and normal hexadecane form ideal solutions 
in accordance with an earlier prediction. At the same time mention 
was made of further experimental verifications then under way. This 
work has now been completed and is reported here. 

Since hexane and hexadecane must be synthesized in order to guarantee 
adequate purity and are rather expensive, it was desirable to use a method 
requiring but small quantities. We had small samples of these hydro- 
carbons, which had been obtained from the Eastman Kodak Company. 

The vapor pressure of hexadecane is so minute at room temperatures 
that it is unnecessary to determine the composition of the vapor phase 
over the solution, the vapor pressure being due solely to hexane. Meas- 
urements were carried out in the tensimeter illustrated in figure 1. The 
calibrated tube, A, contains pure hexane. The amount present in the 
tube at any one time is determined by a cathetometer reading of the dis- 
tance of the meniscus above the mark etched in the glass while the tube 
A is immersed in a bath of known temperature. The bulb, B, contains 
a known amount of hexadecane introduced from a weight pipet prior to 
sealing. Both components are frozen by the aid of liquid air, the mer- 
cury serving as a manometer is poured into the bulb, C, and the apparatus 
is evacuated through the stopcock. The mercury is then poured down 
into the triple manometer stems, and both substances are melted. A 
small amount of air is of course present in both hydrocarbons, but it is 
largely expelled on freezing and escapes as small bubbles during the sub- 
sequent melting. This freezing and melting is repeated several times, 
after which the hydrocarbons are finally frozen and the apparatus re- 
evacuated. A certain amount of hexane is then distilled from A into B, 
giving a solution whose composition is determined by freezing both com- 
ponents, pouring the mercury into the manometer, melting the hexane, 

‘J. Phys. Chem. iS, 109 (1939). 
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and determining the new height of its meniscus. Portions A and B of 
the apparatus are then placed in a large thermostat, the manometer por- 
ticm being outside in a glass-enclosed box maintained at somewhat higher 
temperature in order to prevent distillation of the hexane onto the mer- 
cury. Readings of the three mercury columns permit the simultaneous 
determination of the vapor pressures of hexane over the solution and over 
the pure liquid. Since these two pressures will normally have about the 
same temperature coefficients in the case of regular solutions and, in the 
present system exactly the same coefficient, extreme accuracy in tempera- 
ture control is unnecessary. E}quilibrium is attained so quickly that the 



well-insulated thermostat remains constant in temperature within 0.002®C. 
over periods of time far in excess of the period of a single measurement. 
A number -of different compositions can be investigated with a single filling 
of the apparatus simply by repeating the distillation in either direction as 
desired. 

The results are given in table 1 and plotted in figure 2. Series 1 repre- 
sents the results previously reported, obtained by another method. It 
will be seen, first, that the ratio of the vapor pressure of hexane from the 
solution to that from the pure liquid, p/pS agrees with its mole fraction, 
N, within what is doubtless the experimental error. This agreement is 
closest for the second series of measurements, where the manipulation 



TABLE 1 


MBIBB 

TBHPSKATURm 

p 

p » 

p 

po 

lIOLiB FRAC- 
TION HNXANB 

N 

p 

p^N 

1 

•c. 

25.0 

mm , 

106.2 

mm. 

149.7 

0.708 

0.708 

1.000 


25.0 

99.6 

149.7 

0.666 

0.648 

1.025 


25.0 

92.7 

149.7 

0.619 

0.626 

0.989 

2 

25.00 

111.3 

150.4 


0.738 

1.002 


25.00 

111.7 

150.7 

0.742 

0.738 

1.004 


25.00 

111.7 

150.7 

0.742 

0.738 

1.004 


25.00 

66.8 

150.9 

0.443 

0.430 

1.029 


25.00 

66.9 

150.9 

0.443 

0.430 

1.029 

3 

25.01 

102.5 

156.3 

0.660 


0.996 


25.01 

102.6 

154.9 

0.662 

0.663 

0.998 


25.01 

102.5 

154.7 

0.663 

0.663 

1.000 


25.01 

102.8 

154.7 

0.664 

0.663 

1.002 


25.00 

96.5 

163.0 

0.631 

0.635 

0.994 


25.00 

96.5 

163.0 

0.631 

0.635 

0.994 


24.8 

72.9 

153.3 

0.476 

0.478 

0.996 


25.02 

74.3 

155.6 

0.478 

0.478 

1.000 


25.01 

73.7 

165.8 

0.473 

0.478 

0.989 


25.01 

73.6 

155.8 

0.473 

0.478 

0.989 


14.0 

44.7 

91.6 

0.489 

0.478 

1.023 


17.8 

24.0 

110.4 

0.217 

0.222 

0.978 


19.8 

27.7 

123.9 

0.223 

0.222 

1.003 


20.0 

28.0 

125.2 

0.224 

0.222 

1.008 


23.2 

31.9 

143.0 

0.223 

0.222 

1.003 


23.4 

31.9 

144.2 

0.221 

0.222 

0.996 


25.00 

33.3 

164.7 

0.215 

0.222 

0.969 


25.00 

33.6 

156.0 

0.215 

0.222 

0.969 


25.00 

33.7 

167.0 

0.215 

0.222 

0.969 



Moie Fraction, N 

Fio. 2. Relative vapor pressures of hexane from solutions with hexadecane 
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was carried out with the greatest care. The small discrepancies between 
the values of p** at 25.00°C. may be attributed mainly to the use of dif- 
ferent samples of hexane and should have but little effect upon the ratio, 
p/p®. It will be seen, also, that the ratio p/p® is practically independent 
of temperature, a further and most direct evidence that the entropy of 
solution follows Raoult’s law. This system, therefore, corresponds ex- 
cdlently with the model used in analyzing the possible configurations in 
a system of linear molecules of different lengths in parallel arrangement. 
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INTRODUCTION 

The correlation between the film characteristics of several related 
ketones and the type of organic radical attached to the respective carbonyl 
groups has been studied by means of hydrophil balance measurements. 
For this purpose we chose a series of ketones containing one straight-chain 
aliphatic R group of seventeen members with the other R group varying 
throughout the scries. The compounds selected as representative of such 
a series were as follows: methyl heptadecyl ketone, stearone, biphenyl 
heptadecyl ketone, and phenoxyphenyl heptadecyl ketone. Stearic acid 
was also included in the study for the purpose of making comparisons with 
published data (1). 

Methyl heptadecyl ketone and stearone were selected because the former 
contains the smallest possible aliphatic group, whereas the latter contains 
a relatively long aliphatic group. On the other hand, biphenyl heptadecyl 
ketone and phenoxyphenyl heptadecyl ketone contain aryl groups which 
are similar except for the presence of an ether oxygen linkage between the 
two phenyl groups in the case of the latter ketone. The r61e of this ether 
oxygen in the molecule was thought to be of particular interest because of 
its possible hydrophilic nature. 

Formulas, molecular weights, and observed melting points are listed in 
table 1. 


EXPERIMENTAL PROCEDURE 

Preparation of materials 

Methyl heptadecyl ketone was prepared from stearonitrile and methyl- 
magnesium iodide by means of the Grignard reaction. The product was 
recrystallized until the melting point was constant. 

Stearone was prepared by passing stearic acid, at a rate of about 30 g. 
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per hour, over manganese chromite catalyst in an electric furnace heated 
at 410®C. db 10°. The product was recrystallized from a mixture of 
ethanol and benzene until a constant melting point was obtained. 

Biphenyl heptadecyl ketone was prepared by means of the Friedel- 
Crafts reaction from biphenyl and stearoyl chloride (6) . The product was 
recrystallized from acetone until the melting point was constant. 

Phenoxyphenyl heptadecyl ketone was prepared by means of the Friedel- 
Orafts reaction from phenyl ether and stearoyl chloride (5). The product 
was recr 3 rstallized from acetone until crystals of constant melting point 
were obtained. 

The benzene used in preparing the solutions was Baker’s thiophene-free 
benzene. Prior to use, it was fractionated twice through an eight-ball 
air-jacketed Snyder distilling column made entirely of glass. All joints 
were ground glass, and no stopcocks were used in the apparatus. 

TABLE 1 


Formidat, molecular weighta, and melting pointa of atearie acid and the ketonea 


COMPOUND 

FORMULA 

MOLBC- 1 
ULAR 
WBIGHT 

MBI/rXNO 

POINT 

Stearic acid 

C,7H,»C00H 

284.3 

•c, 

70.0-0.5 

Methyl heptadecyl ketone 

CitHmCOCH, 

282.3 

55-6 

Stearone 

CitHmCOCiiHm 

506.5 

86-7 

Biphenyl heptadecyl ketone 


420.3 

104-6 

Phenoxyphenyl heptadecyl ke- 
tone 


436.3 

63-5 


Apparatus 

The hydrophil balance used in this study was of a modified Langmuir- 
Adam type (4). The tray used was an aluminum casting approximately 
14 x 65 cm. with a phosphor bronze float attached to the sides of the tray 
by means of gold ribbons 4 nun. wide and 0.012 mm. thick. The force on 
the float was measured by means of a steel torsion wire 0.21 mm. in diam- 
eter. The sensitivity necessary for precision measurements was attained 
by the use of a mirror and a beam of light reflected to a screen at a distance 
of 100 cm. It was necessary to cover the aliuninum tray with a thick 
layer of parowax. No hydrogen bubbles were observed with the 0.01 N 
hydrochloric acid solutions which were used throughout the investigation. 

The movable barriers used were of brass, coated with a thin film of 
parowax. The barriers were moved continuously for all observations by 
means of a rack and pinion driven by a one revolution per minute synchro- 
nous motor. Four constant speeds were available : namely, 60, 20, 6.6, and 
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2.2 mm, per minute. This was an important item in the experimental 
setup as used in this investigation, because film balance force-area meas- 
urements are dependent in their absolute values upon the rate of com- 
pression of the film. In this first study on the series most of the data were 
obtained at the 20 mm. per minute speed. In future work the effect of 
changes in rate of compression will be studied. 

Observations were made by setting the torsion head wire at successive 
steps of rotation. The barrier position was read on the scale at the mo- 
ment the beam of light reflected from the torsion wire mirror reached the 
zero or equilibrium point on its scale. The zero point shifted with slight 
changes in the level of the water in the tray; hence this fact was advanta- 
geously used as a means of measurement in keeping the water level con- 
stant. No inconsistencies arose in the data obtained for the series of com- 
pounds under investigation if the water was used more than once, provided 
care was taken to maintain a constant water level. 

Although rate of compression and water level are important factors in 
force-area measurements, changes in temperature are even more im- 
portant because of their marked effect on film characteristics. Constant 
temperatures were attained by housing the film balance in a case consisting 
of a hair-felt-insulated, double-walled, copper box so arranged with chan- 
nels between the double walls that water from a circulating thermostat 
could be circulated through five sides of the box. The front of the box had 
double glass doors, and, except for the small openings through which 
observations were made, the doors were covered with aluminum foil to 
reduce radiation. No difficulty was encountered in maintaining the 
temperature of the box at 25.0®C, =1; 0.1®. This, however, was not true for 
the water in the tray itself, because of the cooling due to evaporation from 
the surface. This effect was especially important during the winter days 
of relatively low humidity. To obtain consistency in surface temperature 
it was necessary to install trays of water with an extensive system of wicks. 
This arrangement aided surface temperature control, but it was not ade- 
quate until portholes fitted with rubber sleeves were installed in the front 
glass so that a sample could be delivered to the surface of the water without 
admitting any appreciable quantity of dry air. The water in the film 
balance tray could also be changed without opening the case. In its 
final form, the case permitted the surface temperature of the tray to be held 
constant within 0.1 ®C. 

Samples dissolved in carefully distilled benzene were used throughout 
the investigation, although check runs were made with petroleum ether 
whenever solubility permitted. Samples were measured by the use of an 
automatic microvolume pipet (3). The pipet was calibrated volumet- 
rically, in an atmosphere saturated with benzene, for each sample. It was 
necessary to calibrate the pipet with each solution because with a pipet as 



TABI^E 2 

QuantitieB and coneentrQti(mB of aolutions used 


COMPOUND 

▼OLUMB or SAMPLN 

CONOBMTBATION 


00. 

gramB ptr oe. 

CitHmCOOH 

0.0428 

0.00153 

C»H.,COCHi 

0.0427 

0.00202 

C„H„COC„Hm 

0.0854 

0.00131 



0.0435 

0.00315 

CitHmCO-^^— 

0.0426 

0.00330 


TABLE 3 

Data obtained in force-area meaeuremente 

AMMA PBB MOLBCULB IN A ? 


rOBCN ZN DTNBB 
PBB CENTIMBTBB 

» 

8 

m 

o 

£ 

1 

tg 

d 

B 

d 

V 

V 

« 

d 

Q 

V 

d 

0.26 

28.05 

21.53 

43'!62 

25.14 

33.38 

0.52 

26.24 

21.36 

39.28 

22.36 

31.16 

1.29 

25.89 

21.15 

34.88 

18.68 

27.37 

2.59 

25.54 

20.91 

31.91 

17.31 

24.75 

3.88 




16.43 

23.39 

5.18 

24.88 

20.49 

28.34 

15.81 

22.35 

7.76 

24.26 

20.40 

26.01 

14.84 

20.94 

10.35 

23.72 

20.33 

24.12 

14.13 

19.99 

12.94 

1 23.15 

20.28 

22.58 

13.53 

19.16 

15.53 

22.59 

20.21 

21.08 

13.04 

{ 18.44 

18.12 

22.09 

20.16 

19.85 

12.58 

17.64 

20.70 

21.66 

20.11 

18,78 

12.15 

16.91 

23.29 

21.18 

20.05 

17.69 

11.77 

16.05 

25.88 

20.80 

20.00 

16.57 

11.40 

14.97 

28.47 


19.95 

15.63 

10.99 

13.78 

31.06 • 


19.89 

14.86 

10.63 

12.77 

33.64 


19.84 

14.12 

10.30 

12.14 

36.23 

20.43 

19.79 

13.56 

9.97 

11.68 

38.82 


19.71 

! 13.04 

9.61 

11.24 

41.41 


19.68 

12.51 

9.35 

10.88 

44.00 


19.63 

12.06 

9.09 

10.58 

46.58 

20.04 


11.63 

8.85 

10.27 

51,76 



10.73 

8.29 

9.61 

56.94 



10,00 

7.76 

9.02 

62.11 



8.99 



64,70 



8.46 
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small as the one used, 0.043 cc., the area was large compared to the volume. 
This resulted in an appreciable quantity of solution remaining on the walls 
of the pipet. It may be of interest in the future when more data are avail- 
able to work out a correlation between the film characteristics and the 
delivery volume. It was necessary to deliver only a very small sample of 
the solution to the tray to avoid dissolving parowax from the sides of the 
relatively narrow tray. 

The quantities and concentrations of the solutions used are given in 
table 2. 



Fig. 1. Force-area measurements on films of stearic acid (I), methyl heptadecyl 
ketone (II), stearone (III), biphenyl heptadecyl ketone (IV), and phenoxyphenyl 
heptadecyl ketone (V). 


The film balance equipment was constructed so that in the future films 
might be studied through a range of temperatures and at different rates of 
compression. Studies at different hydrogen-ion concentrations may also 
be made. The use of a wider tray of a material other than aluminum is 
contemplated for these additional measurements. 

RESULTS 

Force— area measurements were made on each of the films under exactly 
similar experimental conditions. The data obtained were averaged and 
are presented in table 3 and figure 1. It was found that individual read- 
ings did not differ from the average value by more than 4 per cent. 
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The extrapolated values of the molecular areas were read from figure 1, 
where they are indicated for the upper portion of the curves by the broken 
lines. The broken lines for the lower portion of the curves are omitted to 
avoid confusion on the graph. These values are listed in table 4. Since 
methyl heptadecyl ketone, stearone, and biphenyl heptadecyl ketone do 
not have any lower slopes, no extrapolated values are listed. 

The nature of the films was also studied by means of lycopodium powder 
and a stream of air. It was found that methyl heptadecyl ketone was free 
moving at all compressions. Stearone had about the same rigidity as 
stearic acid. Biphenyl heptadecyl ketone and phenoxyphenyl heptadecyl 
ketone are very much more rigid than stearic acid. 


TABLE 4 

Extrapolated values of the molecular areas 


COMPOUND 

ARBA PBB MOLBCUIiB IN Af 

1 

Upper portion 

Lower portion 

CitHmCOOH i 

21.7 1 

26.1 

CitHmCOCH, 

20.5 


Cl rHiiCOCnHai 

10.7 




13.7 




15.9 

22.9 


CONCLUSIONS 

From the force-area curves of figure 1 it is evident that the film of 
stearone is more compressible than that of methyl heptadecyl ketone. 
This fact, together with our observation that methyl heptadecyl ketone 
is a free moving film even at the highest compression, leads us to believe 
that there is a high repulsion between the molecules of methyl heptadecyl 
ketone. We interpret this as due to the non-symmetrical nature of 
methyl heptadecyl ketone as compared to stearone. 

From the curves in figure 1 it is evident that at low pressures (expanded 
film) the area of the phenoxyphenyl heptadecyl ketone molecule is con- 
siderably greater than that of the biphenyl heptadecyl ketone molecule, 
while at high pressures the two curves approach each other quite closely. 
This observation can be explained by attributing hydrophilic properties to 
the ether oxygen in the phenoxyphenyl heptadecyl ketone molecule. As 
the force on the film is increased the e^er oxygen is removed from contact 
with the water (as the force increases from 21 to 36 dynes per centimeter), 
and the two areas become approximately the same. The ether oxygen 
should exhibit hydrophilic character because of its four unshared electrons, 
but this effect should be considerably less4han that of the carbonyl oxygen 
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because of the steric effect of the adjacent phenyl groups. Experimental 
results appear to conform to this prediction. 

Comparisons between various hydrophil balance studies arc unreliable 
because of the influence of numerous factors involved in the experimental 
technique: viz,, rate of compression of the film, time elapsing between the 
application of the film and the start of the run, the amount of contamina- 
tion, the age and the pH of the aqueous solution in the tray, and the 
temperature. From our own observations we conclude that the relative 
humidity of the surrounding atmosphere plays an important role in tem- 
perature control. 

Since biphenyl heptadeeyl ketone and phenoxyphenyl heptadecyl ketone 
are relatively new compounds, no film balance data are available for com- 
parison. Our force-area curve for methyl heptadecyl ketone is in excellent 
agreement with that obtained by Adam, Danielli, and Harding (2). These 
same authors state that in an attempt to spread stearone a scarcely per- 
ceptible surface pressure was observed. This result does not agree with 
our observations. 

Various values for the molecular area of stearic acid have been reported. 
Harkins and Anderson (3) report a value of 23.8 for the expanded film 
and 20.4 A.^ for the condensed film at zero pressure. Adam (1) reports a 
value of 24.9 A.^ for the expanded fiilm and 21.0 A.^ for the condensed film. 
These are at some variance with our values of 26.1 and 21.7 A.^ for the 
expanded and condensed films, respectively. 

Further work, in which the effect of temperature, pH, and the rate of 
compression of the films of these and related compounds will be studied, is 
contemplated. It is hoped that these further data will permit more exten- 
sive conclusions regarding the behavior of these compounds. 

SUMMARY 

1. Hydrophil balance studies have been made on a series of several 
related ketones: viz., methyl heptadecyl ketone, stearone, biphenyl hepta- 
decyl ketone, and phenoxyphenyl heptadecyl ketone. 

2. Important refinements in the usual apparatus for film studies per- 
mitting careful temperature and humidity control have been outlined. 

3. An explanation has been offered for the behavior of these films under 
compression. 
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INTRODUCTION 

While a large quantity of data is available on the adsorption character- 
istics of water on various forms of cellulose, for the most part the important 
region of low equilibrium water vapor pressure and high temperature has 
been neglected. Urquhart and Williams (13) have compiled much data 
on the adsorption of water on cotton over the complete humidity range 
and at temperatures up to 110°C. Others (6, 9, 10) have covered similar 
conditions for other cellulosic materials. In the region first mentioned 
information regarding the quantity of water adsorbed on cellulosic mate- 
rials is essential, as papers are frequently impregnated with waxes or oils 
at from 100® to 150°C., under reduced pressures, for use as electrical insula- 
tion. Slight variation in the small quantities of water remaining influ- 
ences greatly the insulation resistance and other properties of cellulosic 
materials (3). Accordingly, the equilibria have been extensively investi- 
gated between water and two types of paper, one processed from linen rag 
and the other from kraft wood pulp. Both papers are super-calendered 
condenser tissue less than 0.5 mil in thickness. The temperature of 
test varied from 100°C. to 150®C., and equilibrium relative vapor pressures 
from 0 to 3 per cent were obtained. Data in this temperature and pressure 
range should also aid in advancing the knowledge of the mechanism of 
water adsorption on cellulose and of the structure of cellulose itself. 

EXPERIMENTAL 

The sorption was measured by the addition of accurately measured 
quantities of water to the sample of known dry weight, subtracting the 
quantity of water existing as vapor in equilibrium with the sample from 
the quantity admitted to determine the amount adsorbed. For the pres- 
ent purpose this procedure is more accurate than the method of direct 
weighing, which cannot be used here because of the small quantities of 
water sorbed. 

The apparatus employed is shown schematically in figure 1, and is con- 
structed entirely of glass. Bulb A, the volume of which between the stop- 
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cocks was calibrated with water, is used to determine the volume of the 
whole and of separate sections of the completed apparatus. B is a mercury 
manometer, read with a cathetometer accurate to ± 0.02 mm. of mercury. 
Corrections are applied to the manometer readings to remove the error 
caused by unequal meniscus heights. This is a small correction, seldom 
being greater than the error incurred in reading the manometer. C is a 
bulb of about 500-cc. volume, independently calibrated. It is employed 
in desorption measurements and has a short capillary tube attached to 
facilitate freezing-out operations. D is a small biilb set on a capillary 
tube, in which the water from the system may be collected by freezing out 
with dry ice and acetone. Gi, Gj, and G» are capillary tubes 85 cm. long 



Fia. 1. Schematic diagram of adsorption apparatus 


and averapng 1.34 mm. in diameter, accurately calibrated with a mercury 
thread. Water for the sorption experiments is distilled into the capillaries 
from the small bulb H, where it has been thoroughly degassed by alternate 
freezing and melting under vacuum. Distillation from the bulb to the 
tubes is effected by a slight temperature difference, as too rapid distillation 
causes gaps to form in the water columns. Although in reading the water 
level in the capillary a small mirror is the only aid, the error of reading is 
only =1= 0.0002 g. of water, an error which will be the same regardless of the 
total quantity of water evaporated from the tube, for the original water 
level in the capillary is held as reference throughout a series of measure- 
ments. This method, then, for measuring admitted water incurs a rather 
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large error for a single admission, possibly 2 per cent, but with additional 
admissions the percentage error decreases to a negligible value at comple- 
tion of a series of measurements. 

The method outlined above for measurement of water was used in ob- 
taining a part of the data reported. However, certain difficulties of manip- 
ulation made it advisable to employ a second method, which for most 
purposes offers greater ease of operation. This is particularly true when 
the quantities of water measured are comparatively small, as in the work 
at the higher temperatures. This second method makes use of the cali- 
brated bulb and mercury well F. Water is admitted as vapor to the large 
bulb from the small bulb J, containing liquid water, purified as in the case 
of bulb H. The pressure of the water vapor in the bulb is read with the 
aid of a small mirror on the attached manometer. The water vapor is 
then displaced into the system by flushing out the bulb with mercury. 
This procedure incurs probably about the same error for a single measure- 
ment as the capillary method, but has the disadvantage that the error may 
be to some extent cumulative. Increased ease of operation, however, is a 
not inconsiderable factor in choosing between the two procedures. 

E is the tube containing the sample, and is immersed in a bath which is 
maintained at constant temperature. Thermocouple measurements indi- 
cate that a regulation of ±0.05®C. is obtained. 

The samples are taken from rolls of tissue and wound loosely into cylin- 
ders. They are weighed in the dry condition after being heated at 100®C. 
under vacuum for at least 8 hr. This treatment is considered to give an 
essentially dry paper, although the treatment is necessarily arbitrary (1), 
for it appears in the light of the results obtained that in a theoretical sense 
the paper cannot be obtained in the dry state without disintegration 
occurring under the extreme conditions necessary to complete drying. 
The same treatment is given the sample at the beginning of each series of 
measurements. 

Correction was made in all measurements for the thermal decomposition 
of the paper. This is a small correction at 100®C., but becomes of in- 
creasing importance with increasing temperature. In one system em- 
ployed, for example, the permanent gas pressure (gases other than water 
vapor) increased 0.07 mm. per hour, while 0.04 mg. of water was formed 
per hour at 150®C. 


RESULTS 

The two types of paper were examined over a similar range of conditions. 
Initial measurements were made at 100®C., the relative vapor pressure 
varying from aero to the maximum obtainable, which was limited by the 
external temperature and was approximately 3.5 per cent. Additional 
series of measurements were made at 110®C., 120®C., 130®C., and 160®C. 
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The relative vapor pressure range decreased with increasing temperature, 
with a maximum of 0.7 per cent available at 150°C. Graphical represen- 
tation of the adsorption isotherms is shown in figure 2 for the linen rag 
paper, and in figure 3 for the wood pulp paper. The two sets of curves are 
alike in type, but the paper derived from wood pulp exhibits a considerably 
higher adsorption under all conditions. 



Fio. 2. Adsorption of water by linen rag paper 

It will be noticed that the 120®C. isotherm for the linen rag paper is 
missing, while the 110°C. isotherm for wood pulp paper does not appear to 
fit into the other curves of that family. The reason for the omission of the 
one and the error of the other is due to the fact that, in preparation of the 
sample for those particular series of measurements, the samples were sub- 
jected to temperatures above those at which the measurements were made. 

The isotherms obtained in this low relative vapor pressure range may be 
e]q)res8ed accurately by means of the Freundlich adsorption equation, 




ADSORPTION OF WATER BY PAPERS 


813 


which has been extensively employed by Freundlich and others to express 
mathematically the adsorption of vapors by porous solids, and which in 
general form is 

a = 

where a is the quantity of adsorbed material per unit quantity of adsorb- 
ent, p is the pressure of the vapor in equilibrium with the adsorbent, and A 



Fig. 3. Adsorption of water by kraft process wood pulp paper 


and 1/n are constants. The accuracy with which the isotherms may be 
expressed in this form is shown by the graphs of figures 4 and 5. 

Each isotherm, then, may be expressed by an equation of the Freundlich 
type, the equations differing only in the values of the constants. Table 1 
lists the two constants log A and 1/n with respect to the temperature for 
the isotherms measured on the two papers. For neither paper does the 
value of the constant A appear to be approaching a limiting value with 
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increasing temperature. The constant 1/n, however, approaches unity 
raindly, reaching that value within 1 per cent below 150°C. in the case of 
the linen paper. For the wood pulp paper, the curve of 1/n against T is 
linear, in the region studied, as the curve of figure 6 indicates. Since 1 /n is 
not expected to become larger than unity, it may be assumed to remain 
constant at all higher temperatures. Under this condition the isotherm 
itself is linear, and this has been observed to be the case in numerous 
vapor-adsorbent systems, notably for carbon dioxide adsorption on wood 



Fio. 4. Plot of curves of figure 2 on logarithmic scale 


pulp, as determined by Salley (7). In the same paper Salley finds the 
isotherms for water adsorption on wood pulps to be linear at concentrations 
of adsorbed water of 0.00016 g. per gram and less. 

All of the isotherms obtained are adsorption isotherms, and no desorp- 
tion measurements were made other than several of a qualitative nature. 
The few measurements made, however, indicate a definite hysteresis exist- 
ing between the quantity of water held on adsorption and that held on 
desorption. The hysteresis was on the order of 6 per cent at 100®C. and 
1.6 per cent R.H. This value is probably somewhat smaller than the real 
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hysteresis, for, according to Pidgeon (5), attainment of equilibrium accom- 
panied by changing vapor pressure, which occurs as a consequence of the 



Fia. 5. Plot of curves of figure 3 on logarithmic scale 


Linen 


Kraft 


TABLE 1 


Values of log A and tin 


PAPBB 


T 


log A 


1/n 


100 

no 

130 

150 


-3.292 

-3.552 

-4.021 

-4.375 


0.802 

0.872 

0.989 

0.991 


100 

no 

120 

130 

150 


-3.173 

-3.383 

-3.540 

-3.757 

-4.150 


0.767 

0.783 

0.796 

0.837 

0.879 


procedure employed in this instance, tends to decrease the area of the 
hysteresis loop. However, the rapid attainment of equilibrium at 100®C. 
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and the large number of admissions of water reqmred to obtain the iso- 
therm, which is but 3 per cent of the entire length of the isotherm, mini- 
mize the error incurred, and the difference from the true hysteresis is 
probably small. In any event, the data indicate that hysteresis continues 



Fig. 6. Plot of constants from table for kraft process wood pulp paper 

well into the region of slight adsorption and may be present at all moisture 
contents. 

The greater adsorption observed on the kraft wood pulp paper may be 
due in whole or in part to any one of a number of differences in the struc- 
ture and composition of the two papers. Sufficient data are lacking, 
however, to attempt at present to assign the difference in adsorption to any 
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particular difference or differences in the papers. It is known, for instance, 
that the linen rag paper contains a much higher percentage of a-cellulose 
than does the wood pulp paper, but the differences among a-, jS-, and 7-cel- 
lulose are not well defined. However, the observed reproducibility of the 
isotherms eliminates the possibility of chemical reaction in the ordinary 
sense with either the cellulose of the paper or the impurities contained in 
the paper. Also, adsorption by lignin, which is present in greater quan- 



Fia. 7. Decrease in adsorption upon preheating kraft process wood pulp paper 

tity in the wood pulp paper, cannot be the cause of the greater adsorption 
by the wood pulp paper, unless the process of lignin removal alters greatly 
its capacity for adsorption, for Seborg (8) has shown that cuprammonium 
lignin has essentially the same adsorption as the wood from which it is 
obtained. Other variables in the paper composition cannot, however, as 
yet be eliminated or confirmed as to their quantitative effect on moisture 
adsorption. 
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Meation was made previously of one isotherm being in error because the 
paper was dried at a temperature above that at which the isotherm was 
obtained. That the temperature of drying, or “preheating,” has a large 
effect on the moisture adsorption is shown graphically in figure 7, where 
the isotherms for fresh paper at 100°C. and 120“C. are contrasted with the 
isotherm obtained at 100“C. on paper dried at about ITO^C. While the 
curves shown are for the kraft wood pulp paper, the linen rag paper 
shows an almost identical decrease in adsorption. The per cent decrease 
is greater for the linen rag paper, however, since its adsorption in the fresh 
condition is smaller. This effect appears to be due to the temperature at 
which the adsorbent is dried, rather than the length of drying time. This 
conclusion is based on a series of qualitative measurements which showed 
the adsorption to be little affected by a reasonable increase in diying time. 
Data of a very similar nature have been obtained by Speakman and Stott 
(11) for the adsorption of water on wool and by Urquhart (12) for the 
adsorption of water on cotton. 

Heats of adsorption have been calculated from the data obtained by 
employing an equation derived by Freundlich (2). It is of the form 


AH = 


-RTW dlogil 

(l/») \ dr 


- logp 


d(l/n)\ 

dr / 


This equation can be altered to allow expression of AH in terms of o and T, 
making possible direct use of the isotherms and the log-log plots of the 
isotherms. This is done by substituting from the Freundlich adsorption 
equation 


log p = 


log a — log .4 

(1/n) 


into the heat of adsorption equation to give 

„ _ - Br* /d\ogA (log a - log A) d(l/n)\ 

(1/n) V dr (1/n) dr J 

Values for 1/n and log A, as tabulated, were obtained from the log-log plots 
of the isotherms. Values for the derivatives came from plots of these 
constants against temperature. 

Assumptions must necessarily be made in the derivation of this equation, 
which to some extent invalidate the results obtained. The principal un- 
warranted assumption is that the structure of the adsorbent does not 
undergo altera);ion as the equilibrium temperature is increased. As shown 
by the curves illustrating the effect of preheating, the adsorption decreases 
with increased drying temperatures, which indicates a change in the struc- 
ture of the paper. It is not known as yet whether or not a stable structiu^ 
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can be obtained by preheating to a temperature sufficiently high to include 
the entire range of measurements, and until this is ascertained the values 
given are of a tentative nature, although no more so than calculations made 
by other investigators from sorption data. Figure 8 illustrates the heat 
of adsorption for one gram-molecule of water on an infinite quantity of 
kraft process wood pulp paper containing the quantity a of adsorbed 
water. The solid parts of the curves are those values which fall within 



0 O.CX)l 0.002 0.003 0.004 0.005 0.006 0-007 0.008 

a CM /CM. 

Fig. 8. Heats of adsorption of water on kraft process wood pulp paper 

the range of humidities covered, while the dotted portions are extrapolated 
by means of the equation. The change in heats of adsorption with tem- 
perature is small and may not be real, although the increase in the heats 
with increasing temperatures does not appear unreasonable. 

The 'ffieat of adsorption'^ values are arbitrarily chosen as the differences 
between the total heats evolved in adsorption and the heats of condensa- 
tion of water vapor to liquid water. These are the quantities called by 
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Newsome and Sheppard (4) ‘'heats of wetting.” It may be argued that 
the heat of crystalUzation of water should be subtracted also, but it is not 
known in what form comparable to free water the adsorbed water exists, 
so that any subtraction of heats of ciystallization calculated from existing 
data would be highly questionable, and the variation with temperature is 
likely small in comparison with the variation in heats of condensation of 
water with temperature. 

Curves for the heats of adsorption of water on the linen rag paper are 
not shown, as the constants obtained from the isotherms do not appear 
to be as reliable as those obtained from the kraft paper. It is fairly cer- 
tain, however, that the slope of the AH versus a curve is greater, values of 
AH being substantially higher at moisture contents of 0.001 g. per gram 
and less, while the values fall off more sharply toward zero at the higher 
adsorptions. 


SUMMARY 

1. The apparatus employed to obtain sorption isotherms is described, 
with particular attention to two methods of measuring the quantity of 
water admitted to the adsorbent. 

2. Adsorption isotherms for water on two tjrpes of cellulosic tissue, one 
of linen derivation and the other of wood pulp, have been obtained for 
temperatures from 100“C. to 150®C. and for equilibrium water vapor 
pressures from 0 to 25 mm, of mercury. 

3. The Freundlich adsorption equation is found to apply to the iso- 
therms in the range studied. A table of the calculated constants is pre- 
sented. 

4. Hysteresis between adsorption and desorption equilibria is found 
under the conditions of the experiment, but no quantitative data are 
presented. 

5. Drjdng paper at temperatures higher than the temperature at which 
adsorption is subsequently measured is shown to cause a large diminution 
in the adsorption at the temperature of measurement. 

6. Tentative values for the heats of adsorption are calculated by means 
of a modification of Freundlich’s heat of adsorption equation, and curves 
are presented for the heats of adsorption on wood pulp paper with respect 
to the quantity adsorbed. ' 
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INTRODUCTION 

Tlie crystalline or pseuclocrystalline nature of high polymers is of 
l)rofoun(l importance in determining the physical properties of these 
substances. Because of their polycrystallinity, however, the information 
that can he deduced concerning their crystalline structure from x-ray 
studies is limited. Lack of definite information regarding the chemical 
structures of many of the compounds heretofore investigated has further 
complicated this problem. By the examination of a number of clos(‘ly 
related compounds of known chemical structure this latter difficulty is 
avoided, and at the same time an added advantage is provided by tlu^ 
progr(‘ssive changes that are known to occur in homologous series. 

In a previous paper (5) certain general features of the x-ray diffra(*tion 
patterns of a number of linear polyesters of known chemical constitution 
were considered. It was shown that oriented fibers of these com])ounds 
produce sharp x-ray fiber patterns, which are characteristic* of the chc‘mi(*al 
rc^peating unit present. It was also jiointed out that the long-(‘hain mole- 
cules in some of these compounds conform closely to a planar zigzag 
arrangement of the chain atoms, whereas in others a helical or folded form 
of chain was required in order to explain the experimc^ntal results. 

It is the aim of the present paper to present systematically the data now 
available on the ethylene series of polyesters and to reinterpret the rc'sults 
on the basis of new information. In doing this, use is made of the older 
data as well as of recent results on polyethylene suberate. Data on the' 
polymeric sc‘If-polyester of w-hydroxydecanoic acid are also considered 
with the results on the ethylene compounds. This ester possesses a 
particularly simple chain constitution and is most conveniently treated 
at this time. 

The methods employed for preparing the compounds and the x-ray 
technique employi^d will not be given here, since details are available* in 

‘ Presented at the Fifteenth Colloid Symposium, held at Cambridge, Massachu- 
setts, June 9-11, 1938. 
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other publications (2, 5). It should be mentioned, however, that in the 
present work efforts have been made to improve the accuracy of measure- 
ment of the specimen-to-plate distance by automatic standardization with 
sodium chloride. This was done by dusting the fiber bundles with the 
finely divided salt (1). The results so obtained were found to agree with 
those previously reported to within the experimental error (approximately 
1 per cent). 

COMPOUNDS STUDIED 

In order to secure data on other members of the ethylene scries than 
those which were studied in the previous work, attempts were made to 
prepare polyethylene oxalate, malonate, glutarate, and suberate. Only 
in the last case, however, was it found possible to secure a product suit- 
able for x-ray investigation. The polymeric self-ester of a>-hydroxyde- 
canoic acid was prepared from the pure acid- by heating for several days 
in a stream of pure nitrogen gas at 200®C. Both of the polyesters had 
average molecular weights greater than 15,000, as measured by viscosity 
methods, and could be cold drawn readily into highly oriented fibers suit- 
able for x-ray investigation (2). 


RESULTS 

The x-ray fiber patterns corresponding to the ethylene polyesters that 
have been prepared to date arc given in figure 1 (A to E). Figure IF 
shows the pattern obtained from the self-ester of a;-hydroxydecanoic acid. 
Under each photograph is given the formula of the chemical repeating 
unit, together with the observed identity period as obtained from the 
fiber diagram and the value of this period calculated on the assumption 
of a planar zigzag chain. The identity periods for the succinic, adipic. 


Fig. 1. Fiber patterns of the polyesters 


A. Polyethylene succinate 
--0(CH2)30C0(CH2)2C0- 
I (calculated) *= 9.70 A. 

I (observed) * 8.32 A. 

C. Polyethylene suberate 
-~0(CH2)20C0(CH2)(.C0- 
I (calculated) = 14.73 A. 
I (observed) « 14.1 A. 

E. Polyethylene sebacate 
— 0(CH2)20C0(CH2)8C0- 
I (calculated) *» 17.24 A. 
I (observed) * 16.83 A. 


* The authors are indebted to 
acid. 


B. Polyethylene adipate 
-0(CH2)20C0(CH2)4C0— 

/ (calculated) = 12.21 A. 

1 (observed) * 11.71 A. 

D. Polyethylene azelate 
- 0(CH2)20C0(CH2)70— 

I (calculated) « 32.0 A. 

T (observed) « 31.5 A. 

F. Poly-w-hydroxydecanoate 
-~0(CH2)2C0-- 
I (calculated) » 27.30 A. 

I (observed) » 27.1 A. 


Mr. W. S. Bishop for the preparation of the pure 
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TABLE 1 


Interplanar ^pacings and fiber periods of polyesters 
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Mean fiber period . . 

14.1 db0.05 



27.1 ±0,1 



* / »■ identity period. 

t V ■■ very; W *= weak; S « strong; M *■ moderate. 
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and azelaic esters are those previously published (5). For the sebacic 
ester recent measurements favor the value 16.83 dh 0.06 A., which is some- 
what higher than that previously reported. The results of the measure- 
ments on the suberic and w-hydroxydecanoic esters are given in table 1, 
in which the conventional way of designating the reflections has been 
followed. The corresponding measurements on the other esters have been 
given previously (5). 


INTERPRETATION OF RESULTS 

A. The fiber periods 

From figure 1 (A to F) it is evident that the succinate ester, the lowest 
member of the series which has been prepared in suitable form for study, 
shows a decidedly different pattern from the succeeding esters. This has 
been interpreted (5) as indicative of a coiled or helical form of chain 
molecule, since the observed identity period in the fiber direction is much 
too short to be explained in any other way. The other esters in figure 1 
agree well with a planar zigzag form of chain. As the comparative 
values below each photograph show, however, the observed periods ap- 
pear to be definitely shorter than those calculated on the assumption of 
C — C = 1.54 A., C — 0 = 1.43 A., and the tetrahedral angle (13). Neg- 
lecting the possibility that a constant error may be present,® we must as- 
sume either that the chains deviate slightly from the zigzag arrangement 
or that the bond distances or angles deviate from those employed in the 
calculation. 

Some additional information on this point is furnished by figure 2, 
which is a plot of the calculated and observed lengths of the chemical 
repeating units against the number of atoms in these units. Since the 
observed increase in length per chain atom as calculated from the slope of 
the line drawn through the esters other than the succinate is 1.27 A. 
per added CHa group, there is good evidence that the hydrocarbon por- 
tions of the acids conform to the planar zigzag arrangement (8). This 
would require that any difference occur in the glycol portion of the ester 
either as a deviation from the planar form or as a deviation in the oxygen 
bond angle. A bond angle of. approximately 70® would ac^count for the 
observed differences. In this connection it is interesting to note that the 
polyester of co-hydroxydecanoic acid agrees with the calculated value 
within the allowable experimental error, indicating that the former ex- 
planation of the shortening is the more reasonable one. 

Figure 2 likewise furnishes confirmation of the idea that the chains of 
the polyesters lie parallel to the axis of the fibers drawn from them. This 

» Electron diffraction measurements on the adipate and sebacate esters by K. H. 
Storks (12) also show lower values of the identity period than those calculated. 
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follows from the fact that the observed increase in chain length per CHi 
group in this direction is in almost exact agreement with that calculated. 

B. Crystalline structure of the polyesters 

The sharpness of the fiber patterns for the esters (figure 1) shows that 
in spite of their high molecular and polydisperse nature they are to be 
regarded as highly ciystalline substances. Furthermore, the agreement 
of the observed fiber periods with the lengths of the chemical repeating 
units as calculated from their structures proves that it is the latter which 



NUMBER OF ATOMS 

Fio. 2. Lengths of the chemical repeating units plotted against number of chain 
atoms for the ethylene polyesters 

function as the units of packing. This is in contrast to the lower molec- 
ular esters (10), acids (11), and paraffins (8), in which the molecule is the 
packing unit. There is a striking similarity, however, between the x-ray 
diffraction patterns of high and low molecular chain compounds, as will 
be apparent from what follows. 

If the x-ray measurements on the polyesters (excluding the succinate) 
are compared with those deduced by Mtiller (8) for the parafi^ CggHto, 
a striking resemblance is apparent. Table 2 shows the interplanar spac- 
ings of these esters for planes parallel to the fiber axis, along with the 
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spacings calculated from Muller’s model. The recent results of Kohlhaas 
(7) on cetyl palmitate have also been included. It is evident from the 
agreement that the same type of packing of the chains is present in all of 
these long-chain compounds. It appears, therefore, that, insofar as the 
reflections from these planes are concerned, it makes little difference 
whether the crystal units are joined by primary valences or simply by 
association forces. 

It has been found possible to account for all of the reflections observed 
in the fiber patterns of polyethylene azelate and in poly-w-hydroxyde- 
canoate on the basis of the orthorhombic cell proposed by Muller (8), 
where the observed fiber periods are substituted for c in each case.^ For 
these esters the dimensions of the orthorhombic cells are a = 7.45 A., 
b = 4.97 A., and c = 31.2 A. or 27.1 A. for the azelate and decanoate, 

TABLE 2 

Comparison of inierplanar spacings in the zone of chain axis 


COMPOUND 



Ai 

Polyesters: 


w-Hydroxydecanoate 

4.17 

Ethylene adipate 

4 13 

Ethylene suberate 

4.11 

Ethylene azelate 

4.17 

Ethylene sebaeate 

4.17 

Paraffin : 


CagHeo (Muller) 

4.13 

Ester : 


Cetyl palmitate (Kohlhaas) 

4.099 


SPACING IN ANQBT1I6m UNITS 


A* 

Ai 

At 

Ai 

Ai 

ki 

3.73 

2 99 

2 49 

2.36 

2.22 

2.08 

3.62 

2.94 

2 52 

2.35 

2.18 

2.09 

3.61 

2.93 

2.49 

2 38 

2.17 

2.06 

3.70 

2.97 

2.49 

2.36 

2.21 

2.08 

3.70 

2.97 

2 51 

2.36 

2.19 

2.08 

3.73 

2.99 

2.49 

2 36 

2.22 

2.07 

3.711 







respectively. Simple calculation also shows that the number of chemical 
repeating units per unit cell on the basis of the observed densities of 1.172 
and 1.064, respectively, is 3.84 and 3.80, which is in close agreement with 
the expected value of 4.0. It is not possible, however, to account for all 
of the observed reflections in the case of the other polyesters on this same 
basis. Thus, in the adipate, suberate, and sebacate polyesters there are 
present pyramidal planes of large spacings, which require unit cells con- 
siderably larger than that of Muller. 

In order to obtain a truer picture of the situation, let us examine the 
fiber patterns of figure 1 more closely. Several important facts are im- 
mediately evident: 

(1) The polyesters that contain an odd number of chain atoms possess 

* This agreement, of course, does not prove that these esters necessarily hare this 
structure. 
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a twofold screw axis on the basb of a planar agzag structure. The pres- 
oace of strong meridian reflections on the second layer-lines of the fiber 
patterns of these esters (figure 1, D and F) proves that tbe screw axis of 
the chmn is communicated to the crystal lattice itself^ and that the re- 
peating units line up with the terminating and median O»0 groups in 
planes which are perpendicular to the fiber axis. These planes are repre- 
sented by the horizontal lines in figure 3b. For the even esters, on the 
other hand, the strong reflections due to the fiber periods occur on the 
layer-lines corresponding to the number of chain atoms in the chemical 
repeating units in each case.* In order to explain this result we are forced 
to assume that, although the carbon atoms of the various chains in the 

PROJECTION PERPENDICULAR TO FIBER DIRECTION 



ETHYLENE SUBERATE 



Fici. 3. Diagrammatic projection taken perpendicular to the chain direction for 
the even (a) and odd (b) polyesters 


crystals of these esters fall in horizontal planes, the corresponding 0=0 
groups of successive chains must be displaced along the chain direction 
with respect to one another so as to fall in planes which are inclined to the 
fiber direction. This is verified for the even esters by the appearance of 
strong first-order reflections from pyramidal planes. These reflections 
are apparent in B, C, and E of figure 1 near the primary beam. 

( 8 ) Of particular interest is the strong reflection that occurs just off 
the meridian line on all of the patterns of figure 1 with the exception of the 
succinate. This reflection is present whether the ester under considera- 
tion is even or odd and always falls on the layer-line corresponding to one- 

* This is not evident from the x-ray patterns, but is shown by electron diffraction 
patterns taken by K. H. Storks (12). 
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half the number of chain atoms present in the x-ray repeating unit. This 
immediately suggests that the plane corresponding to this reflection makes 
an angle with the fiber axis such that two atoms of each chain are included 
(or nearly included) in it. This plane is represented by the inclined 
parallel lines in figure 3a. The fact that the common spacing (2.13 A.) 
of these planes is greater than the C — C bond distance proves that they 
lie at an angle to the fiber axis which is greater than that formed by the 
C — C bond with this axis (35® 15'). 

As mentioned above in the case of the adipate, suberate, and sebacate 
esters (figure 1 B, C, and E), both the reflection under discussion corre- 
sponding to the spacing 2.13 A. and those corresponding to low-order 
reflections from pyramidal planes of large spaciiigs are obsor\"ed. A 
consideration of these various spacings shows that the former may be 
regarded as the N /2 orders of the latter reflections, where N represents 
the number of chain atoms in the x-ray repeating unit in each case. This 
suggests not only that the chain carbon atoms fall in planes inclined to 
the fiber axes but also that the carbonyl oxygen atoms fall in these planes. 
As stated previously, high intensities of the first-order reflections from 
these planes are in agreement with an arrangement shown diagrammati- 
cally in figure 3a, in which the carbonyl groups of adjacent chain molecules 
are shifted uniformly an integral number of chain atoms with respect to 
one another. The amount of this shift has not been definitely determined 
and is not necessarily two carbon atoms as shown in figure 3a. The 
absence of lower orders of reflection from the meridian planes is in further 
support of this view. A more quantitative treatment of the intensities 
of the various fiber diagrams of these compounds must await the investiga- 
tion of other members of the polyester class. 

(S) The occurrence of the fost-order reflection of these pyramidal planes 
has another important result. It introduces large spacings which it is 
impossible to index on the basis of the simple model of Muller, which 
served for the odd esters. Since the equality of the spacings of the planes 
of the zone of the chain axis indicates that the chains must be packed to- 
gether laterally in the same manner as for the paraffins, the shift of the 
molecules along their lengths offers a convenient way of accounting for 
the increase in the cell dimensions without the necessity of changing the 
orientation of the chains in azimuth. It has been found by the applica- 
tion of graphical methods that the crystal system of the even esters of 
figure 1 is in all probability monoclinic, in which the chain axes are per- 
pendicular to the monoclinic base. The cell dimensions, however, are 
not those proposed previously by Fuller and Erickson (5), since the pres- 
ent results indicate that the cell increases progressively in two dimensions 
as we ascend the series. Furthermore, the type of cell found to apply to 
cetyl palmitate by Kohlhaas (7) and to stearic acid by Germer and Storks 
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(6) does not apply here, since the chain molecules in these cases do not lie 
perpendicular to the cell base. 

We shall not attempt to go into the details of the molecular arrangement 
at this time, since a later publication will treat this subject. The general 
features of the crystalline structure of the polyesters, however, will be 
apparent from the above discussion. 

C. Polymorphism in the polyesters 

The x-ray results so far reported on the polyesters have been obt^ed 
at room temperature. In view of the transitions that occur in the crystal- 
line structures of the paraffins (9) and stearic acid (3) under certain condi- 
tions, it might be expected that such transitions would be observed also 
in the case of the polyesters. That this is the case is shown by the occur- 
rence of two sets of equatorial reflections in one photograph obtained on 
the ethylene succinate polyester. The occurrence of the two forms has 


TABLE 3 


Measurements of the equatorial spacings of polymorphic forms of polyethylene sticcinate 


spAcmo m ANGiyrBdM units 


FOBU 



At 

Aj 

Ai 

Ai 

A-form 

5.37 

4.41 

3.85 

3.12 

B-form j 

4.12 

3.67 

2.92 




At 

1.92 


not been observed in any of the other fiber diagrams that have been taken. 
This erratic behavior has been observed by Germer and Storks (6) in the 
case of stearic acid and by Fuller (4) in the case of gutta-percha. To the 
authors’ knowledge, this is the first time polymorphy has been observed 
in a S3mthetic polymeric compound. 

Table 3 gives the results of the measurements of the equatorial spacings. 
It is evident from this table and from table 2 that the second form of the 
succinate (B-form in table 3) corresponds to the lattice spacing that is 
characteristic of the other ethylene esters. It is therefore logical to con- 
clude that the new crystal form represents a transition from the helical 
to the planar (or nearly planar) zigzag type of chain. Unfortunately, the 
new form is too weak in intensity to allow observation of any of the layeiv 
line reflections from this modification, so that it cannot be determined 
whether or not the expected expansion in the fiber direction has occurred. 
Fiirther study of the phenomenon will be necessary before definite con- 
clusions in this re^^rd can be drawn. 
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SUMMARY 

1. From a study of the fiber patterns obtained on oriented fibers of the 
ethylene polyesters of succinic, adipic, suberic, azelaic, and sebacic acids 
and the self-polyester of w-hydroxydecanoic acid it has been shown that, 
with the exception of the succinate ester, the polyesters conform es- 
sentially to a planar zigzag type of chain structure in wliich the chains 
lie along the fiber axis. A comparison of the fiber periods calculated on 
this basis with those observed indicates that a slight shortening from the 
planar form of chain exists. Evidence favors the view that such shorten- 
ing occurs in the glycol portions of the esters, either because of a dema- 
tion from the planar configuration or because of a decrease in the oxygen 
valence angle. In the case of the succinate ester it has been found that 
two crystalline forms are possible. In one form (th(» usual one) the mole- 
cules appear to possess a helical configuration. The second form cor- 
responds to that observed in the case of the other esters, in which the 
chain molecules are essentially planar zigzag in structure. 

2. The crystals of the polyesters that correspond to the planar zigzag 
chain configuration have been found to have many points in common with 
the low molecular long-chain compounds. In particular, the polyesters 
containing an odd number of chain atoms in the repeating unit are found 
to conform to the same unit cell as has been found for C 29 H 60 , except for 
the c dimension. For these odd polyesters the ends of the chemical re- 
peating units of adjacent chains are arranged in planes perpendicular to 
the fiber axis. 

3. In the case of the polyesters that contain an even number of chain 
atoms in the repeating unit, the simple orthorhombic cell above is not 
satisfactory. The appearance of reflections from pyramidal planes of 
large spacing in the fiber patterns of these even esters favors an arrange- 
ment in which the repeating units in neighboring chains are shifted along 
the fiber direction with respect to one another so that the terminating 
C=0 groups fall in these planes. 

4. The appearance of the first-order reflections from the pyramidal 
planes mentioned in the preceding paragraph requires considerably larger 
unit cells for the even esters. Present evidence favors monoclinic cells 
for these esters, in which the chain molecules lie along the orthogonal axis 
of the cell. The cell previously suggested by Fuller and Erickson, how- 
ever, is not correct, since the different esters require cells which are of 
different size in the plane perpendicular to the fiber axis. 
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INTRODUCTION 

In the fields of allergy and dermatology the chemical bases of skin 
reactions are playing an increasingly significant role. The complicated 
colloid system of the skin offers to those interested in the mechanisms of 
skin reactions a tissue to which the principles of surface chemistry and 
physics may be successfully applied. In man the living skin is readily 
accessible to various types of investigative procedures. Thus the study 
of the hypersensitiveness of the skin to specific proteins like that of rag- 
weed pollen very frequently mirrors the sensitiveness of the entire organ- 
ism, as evidenced by the presence of special antibodies in the blood stream. 

Foremost among the problems of skin physiology in relation to thera- 
peutics is the problem concerned with the absorption of drugs through the 
intact skin. Drugs are usually applied to the skin for both local and 
general effects in the form of ointments, dependence being made upon 
forces resulting from diffusion and solubility. These methods when used 
alone are limited by their slowness and the requirement of complicated 
vehicles to make them feasible at all. A method of great usefulness in 
accelerating the introduction of substances into the intact skin is that em- 
ploying the galvanic current. A piece of absorbent material, like cotton, 
is wet with a solution of the substance and applied to the skin. The 
subject is placed in the galvanic circtiit as indicated below: 


metal 

cotton and 

skin 

body 

skin 

cotton and 

metal 

elec- 

substance to 



saline 

elec- 

trode 

be introduced 





trode 


In general, current densities up to 0.5 milliampere per square centimeter 
for the positive pole and 0.3 milliampere for the negative cause insig- 

^ Presented at the Fifteenth Colloid Symposium, held at Cambridge, Massachu- 
setts, June 9-11, 1938. 
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nificant trauma and no discomfort. It is evident that this method, com- 
monly called electrophoresis or iontophoresis (erroneously termed 
“ionization” (3)) embodies certain advantages in both experimental and 
therapeutic procedures. (1) The surface of the skin is unbroken. {S) 
The current density may be varied over a wide range. (S) Areas differing 
in size from that of a hair follicle to that of very large surfaces may be 
studied. (4) The total amount of material introduced and the rate of 
introduction can be varied by varying both the current density and the 
concentration. (5) There is excellent uniformity in the distribution of 
the drug through the skin compared, for example, with that obtained by 
injection. (&) The skin may act as a reservoir. 

NATURE OF THE SKIN 

The outer layer of living human skin may be considered to be a mem- 
brane, consisting of very fine pores which lead from the surface toward 
the vascular regions below. All the experimental evidence to be presented 
can be qualitatively explained on the assumption of a fairly rigid inanimate 
system. Actually, of course, the pores may change their entire nature 
under the influences of the electrophoretic procedures employed, as well 
as with changes in the physiological state of the individual during the 
course of an experiment. A quantitative treatment of electrophoresis 
through the skin will not be possible until these physiological factors are 
better understood, but these factors appear to be of secondary importance 
for the qualitative considerations to be examined. 

It is evident that if the skin is considered to be a pore-like membrane it 
would differ fundamentally from a wet collodion membrane when the skin 
pores are incompletely filled with liquid. Either a gel-like or a pore-like 
membrane would allow highly diffusible substances to pass readily through 
it when the inside and outside surface are in contact with fluid. On the 
other hand, under the same circumstances, a pore-like membrane which 
contains air ^aces of small diameter and is otherwise permeable with 
difficulty will not readily allow diffusion. Actually, of course, the outer 
skin layer may be a combination of the two types. If it is, the pore-like 
part must constitute the outermost layer. 

When an electrical potential is applied across a membrane of this 
nature, the inner and outer surfaces being in contact with fluid, electro- 
osmotic forces would tend to displace the air in the pores with fluid. The 
pores would then contain an unbroken column of conducting fluid in 
which would be.disiflayed all the phenomena of electrokinetics. Ions 
would be forced through by the poteotial drop (iontophoresis or ionic 
migration), and the columns of liquid as a whole would move either 
toward the inside or toward the outside depending upon conditions 
(electrodsmosis) . 
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Besides these two phenomena, diffusion must be considered, for, when a 
current is passing, diffusion can take place through the continuous columns 
of liquid established. If electrophoresis and electrodsmosis are in the 
same direction or one is much larger than the other, the diffusion term 
may be neglected in qualitative considerations. However, under certain 
circumstances the electrophoretic and electrodsmotic velocities may be 
of the same order of magnitude and opposite in sign. For these cases the 
diffusion term must be considered. Shortly, diffusion velocities will be 
calculated and an example given in which the diffusion term may be of 
importance. 

SIMPLE CASE OF IONTOPHORESIS: HISTAMINE HTDROCHLORIDE 

The drug histamine is of great importance in skin reactions. When it 
is introduced into the vascular reruns of the skin, the whealing reaction 
occurs; the skin becomes elevated and resembles a hive or mosquito bite 
in the zone of pharmocological action. This reaction is very similar to 
the one obtained in certain allergic individuals when substances to which 
they are sensitive are introduced into the skin. 

Histamine (imidazoleethylamine) is a readily diffusible diacidic base 
(8), with a first dissociation constant about the same as that of ammonia 
and a second very much weaker. Below pH 4.0 the doubly charged ion, 
histamine++, predominates in aqueous solution. From pH 4.0 to pH 10 
histamine(OH)+ predominates, while above pH 10 solutions of the drug 
contain mostly the uncharged form, histamine(OH) 2 . Abramson and 
Alley (3) have recently made a careful study of the electrophoretic intro- 
duction of histamine into living human skin. They found that in the 
absence of other electrolytes water solutions of histamine salts in dilutions 
as high as 1 : 5,000,000* gave a whealing response when the positive pole 
was applied to the cotton containing the histamine. They used a constant 
current density and time interval, — 0.5 milliampere per square centimeter 
for 5 min. In no case was a reaction ever obtained with the negative pole. 
The method is so sensitive that Abramson and Ochs were able to work 
out a semi-quantitative procedure for determining minute amounts of 
histamine in complicated media, e.g., whole blood (5). 

The effect of salts at constant current density was carefully studied 
(see table 2 of reference 8). They found that, as the concentration of 
potassium chloride was increased, larger concentrations of histamine were 
necessary to produce a reaction. In 2.4 M potassium chloride practically 
no reaction was obtained with the most concentrated histamine solution 
employed (1:5000). The authors explained their findings by pointing 

* With subsequent development of technique histamine in higher dilutions has 
been detected. 
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out that as the inert salt conc^tration increases the fraction of the current 
carried by the histamine decreases, and therefore that the amount of 
histamine electrically transported into the skin decreases. 

Further evidence that the galvanic introduction of histamine may be 
considered to be a simple case of iontophoresis was furnished by Abramson, 
Engel, Lubkin, and Ochs (4). These authors observed that histamine 
which had previously been electrically introduced into the skin with the 
positive pole could be partially removed by reversing the current. Quan- 
tities of histamine large enough to cause strong reactions in a new area of 
skin were successfully recovered with the negative pole (within 40 min.) 
from the treated area into a piece of cotton wet with distilled water. 
This type of wheal produced in a new area of skin after recovery of hista- 
mine we shall call a tran^erred wheal. 

Unpublished results of the writers on the iontophoresis of histamine 
demonstrate further the pore-like nature of the outer sMn membrane. It 
was discovered that when the positive pole was applied to a piece of cotton, 
wet with distilled water, over an area to which histamine had previously 
been applied by electrophoresis, the whealing reaction reappeared. This 
type of wheal produced at the primary site of histamine iontophoresis we 
shall call a secondary wheal. Thus wheals, the severest of which last only 
a few hours, were caused to reappear, in some instances as long as five 
days after the electrical introduction of histamine. Furthermore, if the 
negative pole was applied to an area which had previously received 
histamine electrically, in some instances as long as four days, and in- 
variably 24 hr. after the original application, histamine could be demon- 
strated in the cotton by the production of transferred wheals. As yet our 
attempts to remove histamine with the negative pole from an area to 
which it had been administered by ordinary intradermal injection have 
failed. Nor has it been possible to cause, with the positive pole, the 
reappearance of a histamine wheal (secondary) that had been produced 
by ordinary intradermal injection. In a few experiments in which the 
histamine had been 'pricked into the skin, the histamine being applied 
only to the most superficial layers of the skin by this method, it was 
posfflble to demonstrate the presence of histamine in the skin 24 hr. later, 
and occasionally after a longer period, by both secondary and transferred 
wheals. It appears, therefore, that the intradermal injection method 
distributes histamine primarily to the deeper layers of the skin, where 
fewer barriers to diffusion exist. 

There must be^ then, regions in the skin through which histamine can be 
readily transported electrically, but with difficulty by diffusion. The 
pore-like membrane postulated above has such properties, for, when the 
current is started, the pores will fill by the outward electrodsmotic flow 
of skin fluid or by the inward movement of cotton fluid. The liquid that 
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fills the pores whfie the current is flowing will be partially trapped and 
therefore remain in the skin for long periods. The pores, under these 
conditions, act as reservoirs from which histamine is released only very 
slowly. 

The capacity of the skin to act as a reservoir for biologically active 
materials may be connected with the origin of some skin diseases. On 
the other hand, galvanic therapy might prove useful in removing depots 
of toxic materials formed in the skin pores, or valuable for establishing 
depots of materials of therapeutic import in the cases in which slow ab- 
sorption is desirable, as in all types of vaccination. 

BLECTROOSMOSIS 

Electroosmosis through animal tissues was first observed by Porret in 
the early part of the nineteenth century. In 1860 Kuhne (7) apparently 
observed electroosmosis in muscle. Roever, in 1896, investigated the 
relationships between the field strength and the volume of liquid trans- 
ported through the skin of the cow. He found that the volume of liquid 
transported was proportional to the field strength. Morton (9) found 
that electroOsmosis was responsible for the transfer of many substances 
into the skin and into the pulp of the tooth. In fact, he noted explicitly 
that solutions of cocaine were more effective in producing anesthesia 
when applied by electrophoresis if an alcoholic rather than an aqueous 
medium was employed. Rein (10) emphasized and clarified to some 
extent the importance of electroosmosis, but some of his conclusions 
regarding the sign of the charge and the electrophoresis of ions through 
the pores do not seem to be completely borne out by more detailed ex- 
perimentation. 

The direction of electroosmotic flow in a pore-like membrane depends 
upon the sign of the average charge on the walls of the pores (2). If the 
walls are positively charged the solution will move toward the positive 
pole, and if negatively charged toward the negative pole. In the case of 
the human skin it is assumed that the walls of the pores are lined with 
proteins. It is well established that for protein surfaces the charge density 
at the protein-water interface depends primarily upon the pH of the 
solution and closely parallels the charge density calculated from the excess 
of hydroxide or hydrogen ions as determined by titration curves for 
individual molecules of the same species (1). Therefore the direction of 
electrodsmotic flow in the skin will reverse at the isoelectric point of the 
pores. According to Rein, the pores of the skin behave as if they are 
lined with keratin, with an isoelectric point between pH 3.0 and 4.0. 
At pH values above 4.0, then, the positive pole at the cotton should cause 
electroosmotic flow into the skin. 

The introduction of histamine at pH 12 and of alkaline alcoholic solu- 
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tions of local anesthetics furnishes examples in which electrodsmosis 
probably predominates. In both of these cases the material successfully 
introduced is essentially uncharged. There are no examples available 
for electrodsmosis into the skin with the negative pole on the add side 
of the assumed isoelectric point of the pores. 

For optimiun electrodsmotic velodty several conflicting factors must be 
taken into consideration. Thus, the charge depends upon the distance 
from tile isoelectric point. However, increadng the pH generally necessi- 
tates increasing the total strength of the solution. High ionic strength 
slows up electrodsmosis in two ways: (1) The potential gradient in the 
pores, at constant current density, is low because of the high conductivity 
of the solution in the pores. (S) The f-potential of the pores at constant 
charge density may be reduced. 

Abramson and Alley have demonstrated the effect of salts in the case 
of the electrophoresis of histamine at pH 12. Under these conditions 
less than 0.1 per cent of the histamine molecules are charged. Yet 
solutions as dilute as those in the case of histamine hydrochloride mentioned 
above caused a positive whealing response. The evidence is strong, 
therefore, that the electrical introduction of histamine at pH 12 is due 
primarily to electrodsmotic forces. Here, as well as with the iontophoresis 
of histamine salts, it was found that potassium chloride greatly diminished 
the transport of histamine into the skin. 

THE DIFFUSION TERM 

The electrical migration of a charged body and the electrodsmotic 
movement of the solution as a whole are strictly additive. The velocity 
of electrical transport of any charged molecule or particle in a potential 
gradient will be, then, the algebraic sum of the iontophoretic (electro- 
phoretic) velocity of the particle and the electrodsmotic velocity of the 
solution as a whole, 

V. = Vi + V. ( 1 ) 

where V, is the resultant velocity due to the electric field, Vi is the velocity 
the particle would have if the solution as a whole were not moving, and 
V$ is the electrodsmotic velocity of the solution. 

In addition, of course, diffusion of the material will occur wherever 
concentration gradients exist. The diffusion term must be added to 
equation 1, the complete equation becoming 

V =.v, + Vi = Vi + V. + V, ( 2 ) 

where V is the actual velocity of the molecule or particle and Fd its diffu- 
fflon velocity. 

In general, Fj and F, are proportional to the potential gradient and 
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may be complicated functions of the pH and other variable conditions 
discussed in the foregoing. Va is proportional to the concentration 
gradient of the material and may also change considerably with total salt 
concentration and pH, as well as with the nature of the medium (cell 



Fio. 1. The time needed for the establishment of a concentration of l/lOOOth of 
the original concentration as a function of the distance from the original boundary. 

membranes), although, at least as far as proteins are concerned, Vd changes 
much less than Vi and V, as the pH and ionic strength are varied. Since 
in general Vi and V, are unrelated, Vd usually operates in the natiue of a 
correction, the magnitude of which cannot be estimated in the general 
case. 
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Tliere is, however, one case for which a quantitative treatment is 
warranted. If the substance to be introduced is a protein and if it is 
adsorbed by the walls of the pores, it turns out that Vt and Vt can be 



Fio. 2. The concentration ratio C/Co as a function of the distances from the 
original boundary e.Btablished in 6 min. for various values of the diffusion coefficient. 

nearly equal and opposite at all points in the pores, assuming, of course, 
open pores. If F< = —Vt, equation 2 becomes F >= F<f, and therefore 
the problem of calculating F becomes that of calctilating Fj. Assuming 
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cylindrical pores and insensible depletion of the material on the outside 
of the skin, the equation (6,11,12), 

= I' 

may be used for calculating difiFusion; y is given by the expression 

y = xl2^/Di 

C is the concentration, Co is the original concentration, x is the distance 
from the original boimdary, in this case the outside of the pores, t is the 


TABLE 1 

Frdctiorif of the original concentration of various substances that would he 

established at the ends of pores of several lengths in 6 min. 


flUBSTANCB 

1 

Z) X icr 

MOLECULAR 


C/Co 


WEIGHT 

0.05 mm. 

0.25 mm. 1 

0.6 mm. 

1.0 mm. 

Egg albumin 

1 cm. per ! 
teeond 

9 58 

34,000 

0.417 

0.149 

0 0187 

0.00000 

Serum globulin 

5.40 

104,000 

0.392 

i 0.082 

0.0026 


Helix hemocyanin .... 

1.70 

4,900,000 

0.315 

i 0.008 

0.00001 


Histamine acid phosphate 

100. 00^ 

o 

0.473 

0.449 

0.260 

0.099 


• Unpublished value, determined at room temperature, is (100 db 20) X 10”^. 


TABLE 2 


Average'^ diffusion velocities ^ F, for C =» C^flOOG in microns per second 


SUBSTANCE 

MOLECULAR 

WEIGHT 

V IN MICRONS PER SECOND 

0.05 mm. 

0.1 mm. 

1 0.2 mm. 

0.5 mm. 

Egg albumin 

34,500 

36.5 

18.2 

9.2 

j 3.7 

Serum globulin 

104,000 

20.5 

10.3 

5.2 

2.1 

Helix hemocyanin 

4,900,000 

6.8 

! 3.4 

1.7 

0.7 

Histamine acid phosphate 

210 

382.0 

191.0 

85.5 

38.2 


time, and D is the diffusion coeflScient. (See figures 1 and 2 for graphic 
representation of the theory.) 

In table 1 is given C/Cn at the ends of the pores after 5 min., assuming 
various values for the length of the pores Geiigth 0.05 to 1.0 mm.), for a 
series of proteins (molecular weight = 34,000 to 4,900,000) and for an 
easily diffusible substance, histamine hydrochloride. 

It is seen from table 1 that comparatively large concentrations of 
protein (from an immunological point of view) may be established by 
diffuEdon in 6 min. at the ends of pores 0.26 mm. or less in length. Also, 
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tiiat coDceatrations of importance physiologically may be established at 
the ends of pores as long as 0.5 mm., but that if the pores are much longer 
than 0.5 mm., no important amounts of protons reach the ends by 
diffusion in 5 min. 

Histamine (tables 1 and 2) diffuses so rapidly over distances of the order 
of magnitude of the length of the skin pores (0.1 to 0.2 mm.) that it seems 
likely that a considerable portion if not most of the histamine, in the case 
of electrophoresis at pH 12 and even that of iontophoresis of histamine 
salts, might be carried by diffusion. If so, diffusion explains the great 
similarity in the action of histamine at pH 12 and of histamine salts. 

From a physiological point of view it is interesting to calculate diffusion 
in another way. The time necessary to establish a concentration, say, 
1/lOOOth of that on the outside of the skin, at the ends of pores of various 
lengths will be calculated for several proteins by means of equation 3. If 
C equals Co/1000, equation 3 becomes 


or 




e~*'*dj/ = 0.998 


From tables for the probability integral, the value of y for which the 
integral equals 0.998 is 2.184. Therefore 


or 


y * 


2VDt 


2.184 


X = 4M8y/Dt 


In table 2 is given x/t, an “average” velocity in microns per second, for 
several proteins and histamine acid phosphate at various distances, *, 
from the original boundary. 


THE DimrsiON TERM AND RAGWEED ELECTROPHORESIS 

The fact that the active constituent of ragweed extract can be intro- 
duced into living human skin by electrophoresis is of paramoimt im- 
portance in considerations of the nature of the outer skin membrane. 
While the active principle of ragweed pollen has not been isolated, many 
of its properties have been fairly definitely established. First, the active 
constituent cannot be removed by dialysis and is therefore of high molecu- 
lar wright. Secondly, it can be completely removed from aqueous solution 
by adsorption on quartz surfaces. Thirdly, its biological activity follows 
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closely that of the protein nitrogen in the solutions, and the active principle 
can be precipitated by the usual protein precipitants, such as ammonium 
sulfate. And lastly,* the active principle is apparently an amphoteric 
substance negatively charged at pH 7.4. All indications, therefore, point 
to a protein-like body. 

Whether or not the active constituent of ragweed is a protein, the fact 
that it is a large molecule suggests that the effective diameters of the skin 
pores are greater than those of Cellophane or collodion membranes and 
that it might be possible to introduce other protdns into the skin by 
electrophoresis. 

When ragweed extract is introduced into the skin of individuals who are 
skin-sensitive to ragweed, a reaction somewhat similar to that produced 
by histamine in normal individuals occurs. It was discovered by one of 
the authors that dialyzed extracts, pH about 7.6, could be introduced into 
the skin with current densities of from 0.3 to 0.6 milliampere per square 
centimeter. These current densities for 5 to 10 min. caused large wheals 
in individuals hypersensitive to ragweed extract. No wheals were ob- 
tained in normal subjects with ragweed extract, nor did the subjects who 
were sensitive to ragweed give wheals with current alone. The positive 
pole produced reactions at least as great as the negative pole, even though 
the material is probably negatively charged under the conditions em- 
ployed. An explanation of this phenomenon may be that in the case of 
ragweed the diffusion term of equation 2 predominates. This term, of 
course, operates independently of the polarity. Further analysis of the 
mechanism involved is being conducted through the study of the elec- 
trical charge of ragweed extracts by the moving boundary method. 

SUMBIARY 

In connection with a study of the absorption of drugs through the 
living human skin, the outer skin is considered to be a membrane made 
up of very fine pores. Under normal conditions these pores are held to 
be incompletely filled with liquid. It is postulated that, when an electrical 
potential is applied across the skin, the electroosmotic forces would tend 
to displace the air in the pores with liquid. The pores would then contain 
an unbroken column of fluid .in contact with liquid on the outside and 
with the dermal tissues beneath. The phenomena of electrokinetics 
would be displayed in the pores. For the case of the movement of charged 
molecules through these pores therefore, three factors, which may be 
summed up algebraically, operate. The first factor is the simple migration 
of the ions themselves in an electric field. The second factor is the elec- 

• Unpublished work of Abramson, Sookne, and Moyer on the electrical mobility 
of microscopic quartz particles covered with a film of adsorbed substances from 
ragweed extracts. 
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trodsmotic flow of liquid as a whole. The third factor, considered for the 
first time, is diffusion over small distances. In the special case where the 
electrophoretic and the electrodsmotic movements balance one another 
the diffusion factor may predominate. The diffusion term is treated 
semi-quantitatively by a special integrated form of Pick’s law which, as- 
suming cylindrical symmetry, permits the calculation of the quantity of 
materials at small distances from the depot on the outer skin surface and 
for small fractions of the original amount in the depot itself. Diffusion 
velocities of even large molecules may exceed velocities due to electrical 
mobility with the usual field strengths across the skin. 

The retardation of diffusion in the skin in the absence of a potential 
gradient is demonstrated by a newly discovered phenomenon associated 
with the electrical introduction of histamine, a substance of relatively 
low molecular weight. It was found that histamine which has been 
electrically transported into the skin remains in the pores for periods as 
long as a week. Furthermore, by reversing the current histamine can 
be readily recovered. 

The foregoing theory and experiments are applied to the interpretation 
and the electrophoresis of protein extracts of ragweed pollen into the skin 
of individuals hypersensitive to these substances. 

In conclusion we wish to express our appreciation for the aid given 
by Mrs. Margery Plngel and Mrs. Henrietta Gettner during the course 
of these investigations. 
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The reaction between formaldehyde and proteins is of paramount im- 
portance in the development of protein plastics (2), coatings, sizes, ad- 
hesives, and fibers. It has been used in these industries as a so-called 
hardening process for many years. 

In processes that employ protein dispersions it has not been found 
possible to combine the formaldehyde with the protein before use, be- 
cause they react with each other at a rather rapid rate to cause the for- 
mation of a precipitate. Therefore the formaldehyde treatment must be 
a separate step in the process where it is used. Attempts have been 
made to simplify such processes by using certain compounds in the pro- 
tein dispersion that give a delayed formaldehyde reaction, but as yet they 
have not attained any marked success. 

In the early literature on the protein-formaldehyde combination, which 
has been reviewed by Gortner (5), it has been postulated to be a reaction 
between the formaldehydes and the free amino groups of the protein. 

Many studies have been made on the analogous reaction between for- 
maldehyde and amino acids (6), but even for these simpler systems there 
has been no general agreement on the structure of the compounds formed. 
Recently attempts to define the protein-formaldehyde linkage by means 
of x-ray diffraction studies have been made (4), but up to the present time 
they have yielded no characteristic pattern. 

Because of the desire for obtaining greater water resistance in the above- 
mentioned protein products and because the formaldehyde reaction ap- 
pears to be the most promising means of accomplishing this result, a 

* Presented at the Fifteenth Colloid Symposium, held at Cambridge, Massa- 
chusetts, June 9-11, 1938. 

• A codperative organization participated in by the Bureau of Chemistry and 
Soils and the Bureau of Plant Industry of the U. S. Department of Agriculture, and 
the Agricultural Experiment Stations of the North Central States of Illinois, Indi- 
ana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, 
South Dakota, and Wisconsin. 
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preliminaiy study was made of some of the factors that may be presumed 
to influence this reaction. The pertinent factors include the concentra- 
tion of formaldehyde, the hydrogen-ion concentration, and the time of 
reaction. The change in solubility or dispersibility resulting from for- 
maldehyde treatment of several proteinaceous materials has been deter- 
mined with respect to hydrogen-ion concentration, and the amount of 
formaldehyde reacting with the protein has been estimated. 

EXPERIMENTAL 

Materials 

The materials used in the investigation were as follows; soybean meal 
from which the oil had been extracted with petroleum ether and prepared 
otherwise as previously described (8) ; a purified soybean protein prepared 
by extracting the protein from the oil-free meal with water, precipitating 
the protein from the water dispersion by electrodialysis, and diying at a 


TABLE 1 

Analysis of the various protein nuUerials used 


ICATSBIAL 

MITROCIBN 

llOlSTUBa 

ASH 


fMT cmt 

per Mni 

psresfil 

Soybean oil-free meal 

7.14 

10.50 

6.03 

Dialyzed soybean protein 

14.3 

6.30 

2.06 

Hammersten’s casein 

14.5 

5.00 

1.74 

Soybean (alpha) protein (commercial) 

14.0 

7.80 

2.33 

Rennet casein 

13.4 

7.83 

8.60 

Lactic acid casein 

13.8 

6.55 

2.91 

Zein 

1 14.9 

1 7.15 

0.28 


temperature of 45®C. or below; a commercial soybean (alpha) protein; 
Hammersten’s casein prepared in this laboratory; a commercial rennet 
casein; a commercial self-soured casein; and a commercial zein. The 
moisture, nitrogen, and ash contents of the various samples are given 
in table 1. All of the samples were ground in a pebble mill to pass through 
a 100-mesh screen. The formaldehyde and other reagents were of the 
analytical reagent grade. 


Extraction procedure 

Two and one-half grams of the sample was shaken for 30 min. with 
100 ml. of the. dispersing solution, the undispersed matter was removed 
by centiifug^g, and an aliquot of the supernatant solution was taken 
for the nitrogen determination. The pH of the extract was taken with a 
portable ^ass electrode pH meter. A more complete description of the 
procedure has been given elsewhere (8). 
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The protein dispersion at different pH values was controlled throughout 
this work with hydrochloric acid and sodium hydroxide. As the work 
progressed it was found that the largest factor in controlling the amount 
of nitrogen dispersed was the relative order of addition of the formalde- 
hyde and the dispersing agent. In general, when the formaldehyde was 
added to the protein before the acid or base, a very low dispersion of nitrog- 
enous material was obtained. On the other hand, when the dispersing 
agent was added first, a high dispersion of this material resulted. For 
the sake of brevity these two procedures will be referred to, hereafter, as 
methods A and B, respectively. 

Concentration 

Benedicenti (3) reported that variations in the formaldehyde concen- 
trations up to 5 per cent had no effect on his results. To check this con- 
clusion with respect to protein dispersions and to investigate higher 
concentrations of formaldehyde, extractions were made on commercial 
soybean protein by procedure A at three different pH values vithin the 
range of pH 4.8 to 11.1 and with the formaldehyde concentration varying 
stepwise from 0.5 per cent to 40 per cent by weight. These results are 
presented in table 2. They show that when the formaldehyde concen- 
tration is below 6 per cent there is a marked increase in the amount of 
nitrogen dispersed over that for higher formaldehyde concentrations, 
but that above this level the variation in concentration is not significant. 
Since procedure A produced a much greater change in protein dispersion 
than procedure B, it may reasonably be assumed that formaldehyde con- 
centrations above 5 per cent are not a critical factor for method B. The 
effects caused by changes in concentration of formaldehyde occurring 
below 5 per cent are attributed mainly to a chemical reaction between 
the formaldehyde and protein, while the constancy of the results between 
5 per cent and 40 per cent concentrations of formaldehyde is interpreted 
to mean that there is no significant change in the character of the solvent 
within this range. Unless otherwise indicated, a formaldehyde concen- 
tration of 10 per cent by weight was used for the remaining experiments. 

Extraction of soybean 'proteins 

The results of nitrogen extraction for soybean meal and dialyzed pro- 
tein are given in figure 1. Curves III and VI are the regular pH-nitrogen 
dispersion data for the meal and dialyzed protein, respectively, and are 
used for comparative purposes; curves II and V are the results of pro- 
cedure A, and curves I and IV of procedure B. A plot of the data shows, 
in general, that addition of formaldehyde to the system after the acid or 
base causes a displacement of the curves towards lower pH values, and 
that on the alkaline side of the isoelectric point it tends to increase the 
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amount of nitrogen dispersed. The results obtained by using method A 
are quite different. The dialyzed protein, ciwve V, gives practically a 
straij^t line at about 0.7 per cent nitrogen, while curve II, for the soy- 
bean meal, ris» to a maximum nitrogen extraction of about 50 per cent 


TABLE 2 


Effect of formaldehyde concentration on dispersion of soybean alpha protein at three 

different pH values 


COMCXNTRATIOK OF 
FORMAZ.DBBTDB 

percent 

40 

30 

20 


10 


5 


2 


1 


0.5 


pH 

NITROaSR DlBPBBSaO 

4.8 

per cent 

3.0 

7.2 

4.7 

10.0 

3.3 

4.9 

2.6 

7.3 

3.9 

10.0 

2.3 

5.0 1 

2.3 

7.5 

3.5 

10.1 

2.6 

5.2 

2.0 

7.6 

7.6 

10.5 

3.8 

5.5 

I 2.3 

8 0 

7.0 

10.8 

7.5 

5.4 

1.0 

i 7.2 

28.6 

11.1 

13.4 

5.5 

6.8 

6.8 

34.3 

7.3 

58.0 

10.6 

33.5 

5.0 

3.0 

7.0 

60.8 

10,8 

76.7 


on each side of the isoelectric point. The results for the nitrogen disper- 
sion of the commerical soybean protein by the three different methods are 
given in table 3. They are quite similar to those for the dialyzed protein. 
The results for rennet and lactic acid caseins are shown in figure 2 and 



DXBPEBSION OF PBOTEIN IN FORMALDEHYDE 


351 



Fig« 1. Effect of formaldehyde on the pH dispersion of soybean meal and purified 
protein. Curves I (meal) and IV (protein), formaldehyde added after pH disper- 
sion; curves II (meal) and V (protein), formaldehyde added before pH dispersion; 
curves III (meal) and VI (protein), no formaldehyde. 

TABLE 3 


Per cent of commercial alpha protein dispersed when pH was varied in the presence or 
absence of formaldehyde: (A) formaldehyde added before the acid or bewe, 

(B) formaldehyde added after the acid or base, (C) without formaldehyde 


A 

L 1 

B 

1 __ _ < 


rORMALOBBTDB ADDED BSrOBB 

rORMALDEHTDB ADDED AFTBB 

HCl OB NaOH; no 

HCl OB NaOH 

HCl OB NaOH 

rORMALDBHTDB 

pH 

NitrofeD 

pH 

Nitrogen 

pH i 

Nitrogen 


per cent 


pereent 


pereent 

1.2 

1.7 1 

1.2 

71.6 

1.2 

68.7 



1.4 

73.7 

1.4 

71.5 

1.7 

1.8 I 



1.9 

57.8 





2.2 

42.7 



2.5 

30.7 

2.6 

25.5 



3.9 

2.2 

3.2 

9.7 





4.1 

2.9 

5.1 

1.5 

5.1 

8.9 

5.8 

35.8 



7,1 

99.0 

7.4 

87.4 

10.2 

2.1 



! 10.1 

97.6 





10.9 

99.0 
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are wTni1ii.T in character to the results for the various soybean protans. 
From curves I and IV, which represent the regular pH-dispendon data 
for rennet and lactic acid caseins, respectively, it is evident that rennet 
casein is more difficult to disperse in the alkaline range than the acid 
casern. The results for rennet and lactic acid caseins, obtained by 
method B, are given in curves II and III, from which it is apparent that 
the presence of formaldehyde causes no substantial change in the disper- 
fflon of the acid casein, but that in the case of the rennet casein the pres- 
ence of formaldehyde results in a displacement of the curve towards lower 



Fig. 2. Effect of formaldehyde on the pH dispersion of rennet and lactic acid 
caseins. Curves II (rennet) and III (lactic acid), formaldehyde added after pH 
dispersion; curve V (rennet and lactic acid), formaldehyde added before pH dis- 
persion; curves I (rennet) and IV (lactic acid), no formaldehyde. 

pH values. For convenience a single curve, No. V, has been used to 
represent the dispersion of both caseins by method A. There is, in fact, a 
small difference in the results for the two caseins, which is not observed in 
the single curve; the average nitrogen dispersion for the rennet casein is 
0.5 per cent and that for the acid casein is 1 per cent higher. 

The results for the zein are given in figure 3. The points on the curve 
above pH 11.0, which are enclosed with broken circles, were not deter- 
mined with as high an order of precision as the other points. It is ob- 
served that the data for are different from those for the other proteins, 
in that there is practically no dispersion by the acid. Curve I represents 
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the amount of zein dispersed with pH variation but without formaldehyde, 
and curve II is the dispersion according to procedure B. The relative 
positions of these two curves are the same as those obtained for the soy- 
bean proteins and casein under similar treatment. 

When zein is dispersed according to procedure A (curve 11, figure 3) 
there is practically no disperrion between pH 1.0 and pH 10.5, but there 
is a sharp rise in the curve at this latter point. No attempt was made to 
compare data above pH 10.5 for the various proteins, because the formal- 
dehyde acts as a strong buffer in the region above this point, and the 



Fig. 3. Effect of formaldehyde on the pH dispersion of zein. Curve III, formalde- 
hyde added after pH dispersion; curve II, formaldehyde added before pH disjier- 
sion; curve I, no formaldehyde. 


excessive amounts of caustic required to raise the pH would quite prob- 
ably change the character of the system. 

DisctrssiON 

EiXamination of the data shows that the two methods of adding for- 
maldehyde to the protein result in opposite trends with respect to the 
amount of protein dispersed, that is, whrai the formaldehyde is added to 
the proton before the acid or base, the product re m ai n s practically undis- 
persed, but when the formaldehyde is added after the dispersing agent, 
it has the effect of increasing the amount of protein in disperrion on the 
«i.llr«.linft side of the isoelectric point or of displacing the curve towards 
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lower pH values. If the formaldehyde and acid (or base) are mixed to- 
gether and added to the protein at the same time, a result is obtained that 
is intermediate between those for methods A and B. Dispersion was 
accomplished by this procedure, but the results are not reported here. 

, The first of the above reactions (procedure A) appears to correspond to 
the well-known hardening action of formaldehyde on protdn and is 
usually attributed to the combination of formaldehyde with the amino 
groups, which results in lower water absorption. The difference in the 
results for the second case (procedure B) might be caused by the physical 
condition of the protein at the time of formaldehyde addition; that is, if 
the protein is dispersed or partly dispersed at the time of formaldehyde 
addition, then the protein-formaldehyde reaction might proceed without 
causing precipitation and the system will be one of reacted protein in the 
colloidal state. The displacement of the dispersion curve to a lower pH 
value is also consistent with the above explanation, as the neutralization 
of the amino groups should tend to decrease the amphoteric properties of 
the protein, making it relatively a stronger acid and lessening the positive 
charge on the micelle. 


Protein-formaldehyde reaction 

The amount of formaldehyde reacting with Hammersten casein, com- 
mercial soybean protein, and zein between pH 4.1 and 5.0 as a function of 
time is given in table 4 and figure 4. The experimental procedure for 
these measurements was to mix 6 g. of the protein, which had been groimd 
to pass a 100-mesh screen, with 20 ml. of 2 per cent formaldehyde in a 
tightly stoppered bottle and allow the reaction to proceed with frequent 
shaking for the period of time indicated in the table. The supernatant 
solution was filtered from the protein, and the formaldehyde determined 
by the Romijn method (9). After correcting for a blank the amount of 
formaldehyde reacting was calculated as the difference between its orig- 
inal and final concentration. Under similar experimental conditions, 
except for the absence of protein, all of the formaldehyde could be recov- 
ered. 

The quantity of amino groups in terms of millimoles for 5-g. quantities 
of the various proteins as determined by the Van Slyke procedure is also 
given in table 4, and for comparative purposes they are placed on their 
respective cinves at points a, b, and c in figure 4. 

Tlie above data show that under the conditions of these experiments the 
protdns consume substantially more formaldehyde than can be accounted 
for on the basis of a mole-for-mole reaction between the amino groups and 
formaldehyde, but, on the other hand, it is less than a one-to-two ratio 
for these groups for the 48-hr. period shown. An excess 'of formaldehyde 
over an amount equivalent to the amino groups would be expected by 
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this procedure, since the method measures both the chemically reacted 
and the adsorbed formaldehyde, and therefore it seemed desirable to at- 
tempt a separation of the two types of reaction. 


TABLE 4 

Millimoles of formaldehyde reacting with 6 g. of protein 


PROTEIN 

inLLlUOLBS OF FORMALDEHYDE RBACTXNO 
WITH 6 O. OF PROTEIN DURING 

THEO- 

RETI- 

CAL* 

pH 

0.6 hr. 

1.5 hr. 

2.5 hr.! 

6.0 hr.j 

24 hr. 

1 

48 hr. 

Initial 

After 
24 hr. 

Commercial alpha soybean 

1.73 

2.48 

2.68 

3.20 

3.65 

4.03 

2.4 1 

4.3 

4.1 

Hammersten casein 

2.12 

2.25 

2.86 

4.02 

4.50 

4.98 

3.2 

4.3 

4.1 

Zein 1 



0.80 


0.93 

1.24 

0 

4 5 

4.5 


* Values for the aniino groups on the Hammersten casein and zein were taken 
from the work of Rutherford, Harris, and Smith (7); the value for the soybean 
protein was determined in our laboratory by means of a Van Slyke apparatus. 



Fig. 4. Curves showing amount of formaldehyde reacting with Hammersten's 
casein, commercial alpha soybean protein, and commercial zein in relation to time. 
Points o, 6, and c represent amino groups equivalent to 5 g. of protein as deter- 
mined by Van Slyke 's procedure. 

The procedure was to treat 200 g. of commercial soybean protein with 
an excess of formaldehyde for 40 hr., filter, and wash out the excess of 
unreacted formaldehyde. The washing was a continuous process in which 
the protein-formaldehyde product was soaked in water for thirty days, 
during which time the washing was hastened by stirring and changing 
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the wash water each day. The washings were continued for three days 
after they gave a negative test (phenylhydrazine-nitroprusside (1)) for 
formaldehyde. 

The amount of formaldehyde remaining in the protein was determined 
by suspending 2.5 g. of the product in 300 ml. of dilute phosphoric acid 
(approximately 5 per cent), distilling over 276 ml. of the solution, and 
analyzing the distillate by the Romijn method for formaldehyde. A 
correction was made for the method, since it was found by trial that 
imder these conditions only 96 per cent of the formaldehyde is re- 
covered. 

The average amoimt of formaldehyde recovered for three determina- 
tions was 0.94 millimole for 2.5 g. of protein, and the correction for the 
method was 0.06 millimole, making a total value of 1.00 d= 0.03 millimole 
to compare with a theoretical value of I.IS ^ 0.05 millimoles. 

The quantitative relationships between the free amino groups and the 
amount of formaldehyde reacting is nearer a mole-for-mole reaction than 
any other simple ratio. However, before the relationship can be definitely 
substantiated the analsrtical procedure involved must be improved and 
the scope of the work enlarged. 


SXTMMABY 

It has been found that proteins may be dispersed in certain aqueous 
formaldehyde solutions. 

A study has been made of the influence of formaldehyde at various 
hydrogen-ion concentrations on the dispersion of the nitrogenous con- 
stituents of soybean oil-free meal, purified soybean protein, commercial 
alpha protein, self-soured casein, rennet casein, and zein. The different 
procedures followed were: (A) Formaldehyde was added to the protein, 
followed by acid or base; (B) the acid or base was added to the protein, 
followed by the formaldehyde; and (C) acid or base was added without 
formaldehyde for comparative purposes. 

It was found that formaldehyde added by procedure A gave very low 
nitrogen dispersion between pH values of 1 and 10, but that formalde- 
hyde added by procedure B dispersed as much nitrogen, — and more at 
some points in the alkaline range, — as when no formaldehyde was present 
and displaced the curves in the direction of lower pH values. 

The effect of concentration of formaldehyde on protein dispersion has 
also been studied. 

The amount of fonnaldehyde taken up by the various proteins between 
a pH of 4.1 and- a pH of 4.6 during a 24-hr. period has been determined, 
and the amount of the reacted formaldehyde that cannot be removed by 
washing with water has been estimated. 
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The chemical character of the combination between proteins and acids 
or bases, emphasized by Procter, Loeb, and others, is now well recognized, 
a number of workers (2, 5, 8) having pointed out the interrelationships 
between hydrogen-ion and chloride-ion activity, conductivity, transport 
number, etc. Prideaux (6) has discussed the conflicting values of the 
ionic conductance of the gelatin ion per unit charge obtained by a number 
of methods. Nevertheless, certain discrepancies remain and the present 
paper presents data (1, 4) on the conductivity and hydrogen-ion activity 
of gelatin-hydrochloric acid solutions, which it is hoped may yield addi- 
tional information on certain phases of the problem. 

One per cent gelatin solutions containing varying known amounts of 
acid were made up and their hydrogen-ion activity and conductivity 
measured. Simultaneously, the conductivity of a solution of the pure 
acid of the same pH was determined. The procedure is given in more 
detail below. 

EXPERIMENTAL 

Eastman Kodak isoelectric gelatin in the form of a 30 per cent gel was 
electrodialyzed under 230 volts d.c. in a U-tube. The water in each side 
arm above the gel was frequently changed, and finally all except the middle 
third of the gelatin gel was discarded. This was dissolved in warm water 
to give a 2 per cent solution. Portions of this solution were taken, the 
desired amounts of acid (standardized against acid potassium phthalate) 
added, and the solution diluted to 1 per cent gelatin concentration. 

Hydrogen-ion activity was determined with the standard hydrogen- 
platinum electrode, using a saturated calomel half-cell. Conductivities 
were measured with a Wheatstone bridge with calibrated resistances and 
vacuum tube amplifier, the cell being standardized with 0,1 iV^ potassium 
chloride. All measurements were made in a thermostat at 25®C. 

^ Presented at the Fifteenth Colloid Symposium, held at Cambridge, Massa- 
chusetts, June 9-11, 1938. 
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RESULTS AND DISCUSSION 

The experimentally determined conductivities, with that of the con- 
ductivity water subtracted, and the corresponding pH values obtained 
from the potentiometer readings were plotted against the amount of acid 
added, and, as a basis for computation, the values of columns 1, 3, and 
5 read off these curves. Similar curves for pure hydrochloric acid gave 
the conductivity values of column 4 as a function of pH. 

Columns 6 to 10 are calculated from these data. In a situation such as 
this, where the exact nature of the phenomena is not well understood, 

TABLE 1 

Conductivities of gelatin-hydrochloric acid solutions 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

( 6 ) 

(«) 

( 7 ) 

( 8 ) 

(») 

( 10 ) 

pH 

HYDRO* 

OBN-XON 

CONCBN- 

TRATION 

ACID 

ADDBD TO 
OBLATIN 
SOLUTION 

SPBCIFIC 
CONDUC- 
TIVITY OF 
HYDRO- 
CHLORIC 
ACID 

SPECIFIC 
CONDUC- 
iivmr OF 
OBLATIN 
4 - ACID 

SPECIFIC 
CONDUC- 
TIVITY OF 
HYDRO- 
CHLORIC 
AaD 
(COR- 
RBCTBD) j 

SPBCIFIC 
CONDUC- 
TIVITY OF 
GELATIN 
CHLOBIDB 

OBLATIN 

CHLOBIDB 

BQUIV- 
ALBNT 
CONDUC- 
TIVITT OF 
OBLATIN 
CHLOBIDB 

IONIC 
CONDUC- 
TANCB OF 
OBLATIN 
PER 
EQUIV- 
ALENT OF 
COMBINED 
CHLORIDE 


tguivalenU 
per liter 

equitalenta^ 
per liter 

reeivroeoU 

okme 

rtciproeal ' 
ohme 

reciprocal 

ohme 

reciproaU 

ohme 

equiealente 
per liter 




XW* 

X 10* I 

X 10* 

XIO* 

XIO* 

X 10* 

XIO* 



4.86 

0.138 



0.083 






4.6 

0.261 

7.0 

0.101 

0.677 

0.093 

0.484 

6.76 

71.6 

1.5 

4.4 

0.398 

14.6 

0.180 

1.217 

0.166 

1.051 

14.10 

74.5 

4.4 

4.2 

0.63 

24.5 

0.301 

2.03 

0.280 

1.75 

23.87 

73.2 

3.1 

4.0 

1.00 

37.5 

0.470 

3.08 

0.432 

2.65 

36.5 

72.7 

2.6 

3.8 

1.68 

49.5 

0.750 

4.26 

0.690 

3.67 

47.9 

74.7 

4.6 

3.6 

2.51 

58.3 

1.17 

5.66 

1.075 

4.685 

55.8 

82.1 

12.0 

3.4 

3.98 

67.0 

1.80 

7.06 

1.655 

6,405 

63.0 

86.0 

15.9 

3.2 

6.30 

76.0 

2.80 

8.56 

2.575 

5.99 

69.7 

86.0 

15.9 

3.0 

10.00 

84.0 

4.46 

10.16 

4.09 

6.07 

74.0 

82.1 

12.0 

2.8 

15.80 

95.0 

6,80 

12.46 

6.25 

6.21 

79.2 

78.5 

8.4 

2.6 

25.10 

108.0 

10.65 

15.96 

9.71 

6.25 

82.9 

75.4 

5.1 

2.4 

39.8 

125.0 

16.96 

20.96 

16.69 

6.37 

85.2 

63.2 

~ 6.9 


any method of calculation iis open to question. In table 1 the following 
technique has been employed: It is well recognized that the conductivities 
of electrolytes apparently unreactive to gelatin are somewhat reduced by 
its presence in the solution. For the gelatin employed the magnitude of 
the reduction was measured with 0.003 and 0.001 N potassium chloride 
solutions and found to average 8 per cent. The assumption was made that 
the mobilities of hydrogen and chloride ions in the solutions of table 1 
were reduced below those for dilute aqueous solutions in the same propor- 
tion, i.e., column 6 is 92 per cent of column 4. From the measured con- 
ductivity of each gelatin-hydrochloric acid solution (column 5) was sub- 
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tracted the value of column 6, thus correcting for the conductivity of the 
free hydrochloric acid in it, the result being the specific conductivity of the 
gelatin chloride. From column 3, which is the total concentration of the 
chloride constituent, was subtracted column 2, leaving the chlorine com- 
bined with the gelatin in equivalents per liter, whether ionized or not.^ 
Since at 25®C. the ionic conductance of the chloride ion in water is 76.3, 
in 1 per cent gelatin, with the assumption made above, it should be 70.1. 
This quantity has been subtracted from the values of column 9. The 
results, entered in column 10, therefore represent the ionic conductance of 
the gelatin ion, expressed per equivalent of total chlorine constituent com- 
bined with it. 

One must first emphasize the point that this final column is obtained by 
relatively small differences between large quantities, and for this reason 
alone is liable to considerable error. This is accentuated by the uncer- 
tainty as to the depressive action of the gelatin solution on the mobility 
of the ions, particularly the hydrogen ion. However, after due allowance 
for these uncertainties, the values of column 10 start initially at very low 
levels but increase with increasing acid concentration to a maximum at a 
pH of approximately 3.3, beyond which they fall sharply. While the rise 
of cataphoretic velocity of the gelatin with increasing acidity is well 
recognized, the increase in ionic conductance of the gelatin which should 
correspond thereto has not hitherto been observed. Furthermore, the 
cataphoretic data (7) indicate a continued rise in gelatin conductance 
at pH values well below 3, with no sign of a maximum. Thus, Prideaux 
(6) at pH 3 obtained a value of 25.5 from a plot of cataphoretic velocities 
against pH. Using the same plot and this method of comp\itation one 
obtains 18.3 at pH 3.3, where the data here presented indicate a maxi- 
mum value of 15.9. This discrepancy between the maximum in the 
conductivity data and the cataphoretic behavior remains unexplained, 
although the drop in ionic conductance beyond the maximum can be 
qualitatively accounted for by some factor such as incomplete ionization 
of the gelatin chloride or increased frictional resistance of the gelatin 
particle. Below the maximum the rough proportionality of ionic con- 

* Electrometric measurement of the chloride-ion concentration (3), while open to 
some question, indicates that the gelatin chloride begins to be incompletely ionized 
at a pH of about 3.4. Because of the uncertainties of pCl determination, it seemed 
wiser here to base computation on the dependable values of chlorine constituent. 
While hydrogen-ion concentration must be measured and the value used in computa- 
tion, even a considerable percentage error in it will introduce only a relatively small 
error in the computation of total chlorine combined with gelatin at low acid concen- 
trations* This technique neglects undissociated hydrochloric acid. Data have 
been obtained on various organic acids, but interpretation is rendered difficult, e.g., 
by the presence of considerable undissociated acid. 
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ductance to charge would indicate a constancy of friction in that range 
that renders a great increase beyond the maximum unlikely. 

At low acid concentrations the gelatin particle carries but little current 
because of its large particle size, great friction, and small charge upon it. 
As acid concentration is increased, the charge on the gelatin particle rises 
rapidly, increasing its tendency to move. However, its particle size prob- 
ably changes but little, so that the frictional resistance to motion remains 
relatively constant, thus accounting for the increased mobility per unit of 
combined chlorine. Finally, nonionization begins to play a part and ionic 
conductance per unit of combined chlorine falls off. 
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INTRODUCTION 

Hydrous lanthanum hydroxide sols have been prepared by several in- 
vestigators. The methods used have included dialysis after the addition 
of small amounts of ammonia to lanthanum acetate solutions (6, 1), 
electrolysis of a lanthanum chloride solution using a mercury cathode (14), 
peptization of the freshly precipitated and well-washed hydroxide with 
dilute hydrochloric acid (2, 9), addition of less than 2.6 equivalents of 
sodium hydroxide to solutions of lanthanum nitrate or chloride (3, 17), 
and the “peptization” of lanthanum hydroxide with sucrose or levulose (18). 

Inasmuch as detailed studies on colloidal lanthanum hydroxide have 
been limited to x-ray proof of the crystallinity of the sol particles (2), 
some viscosity measurements (9), and recognition of the colloidal nature 
of the color reaction between lanthanum hydroxide and iodine in the pre- 
sence of acetate (5, 1, 13, 12), it was felt that an examination of a few 
characteristics of these sols would be of value. 

PREPARATION AND PURIFICATION OF SOLS 

Of the preparative methods previously reported, peptization of a boil- 
ing suspension of lanthanum hydroxide with dilute hydrochloric acid is 
the most satisfactory. However, this method necessitates the use of 
freshly precipitated hydroxide, and the comparatively long time required 
for the production of even moderately concentrated sols brings about aging 
efifects which render the precipitate very resistant to the action of the 
peptizing agent. 

A method eliminating these difiiculties has been described (16). Data 
for some of the sols prepared by this procedure and dialyzed with carbon 
dioxide-free water (16) are given in table 1. In each instance the purity 
ratio is to be taken as the ratio of the equivalents of lanthanum oxide 
present to the equivalent of chloride. 

* This paper is a portion of a thesis submitted by Therald Moeller to the Faculty 
of the Graduate School of the University of Wisconsin in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, June, 1938. 

* du Pont Fellow, 1937-38. Present address: Kedzie Chemical Laboratory, 
Michigan State College, East Lansing, Michigan. 
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AB80BFTION OF CABBON DIOXIDE 

The impossibility of purifying hydrous lanthanum hydroxide sols by 
dialy^ with water containing dissolved carbon dioxide and the necessity 
of protecting sols from the air have been discussed (16). 

Since lanthanum carbonate is insoluble and settles out when it forms, 
the absorption of carbon dioxide by a sol exposed to the air can be followed 
by periodic analyses for the lanthanum hydroxide remaining in suspen- 
sion. Observations upon two portions of sol 6f, one exposed to the air 
and the other protected by a paraffin seal, showed that the protected sol 


TABLE 1 

Data for lanthanum hydroxide sols 


soil 

NH4OH 

PUR CRNT OF 
BQUiyALBNT 

TXMB 

OIALTZBD* 

LasOi 

j 

Cl- 

PURITT 

RATIO 

pH 



houra 

grinna par liter 

grama per liter 



6c 

33.3 

40 

0.260 

0.023 

3.6 

6.9 

6d 

33.3 

46 

0.600 

0.017 

9.6 

7.0 

6e 

33.3 

48 

0.829 

0.034 

8.0 

7.4 

6f 

33.3 

61 

0.765 

0.037 

6.7 


«g 


84 

0.438 

0.011 

13.0 

7.3 

6h(l) 

50.0 

67 

1.158 

0.103 

3.7 

7.8 

6h(2) 

67.0 

67 

1.984 

0.061 

10.6 

8.3 

6h(3) 

89.0 

67 

2.312 

0.049 

15.4 

7.9 

6i 

60.0 

86 

0.736 

0.015 

16.0 

6.6 

6j 

60.0 

80 

2.121 

0.066 

12.4 


6kt 



0.766 

0.006 

41.8 


61t 



0.732 

0.024 

10.0 


6in 

80.0 

80 

1.406 

0.031 

28.7 


6nt 



1.492 

0.031 

15.7 


6x 

87.6 

41 

4.04 

0.058 

22.8 


6y 

87.5 

41 

3.99 

0.061 

21.4 


6z 

33.33 

120 

0.663 

0.015 

12.1 



* All sols dialyzed at 20-25°C. except 6i, 6j, 6m, 6x, and 6y, which were dialyzed 
at 36-40*0. 

t These sols were residues from other sols. 


remained unchanged in concentration for sixteen weeks, whereas the un- 
protected sol began to deposit lanthanum carbonate after two weeks and 
was completely destroyed after twenty-four weeks. 

THE STABIpITT OF LANTHANUM HYDBOXIDE SOLS AS HEASUBED BT 
FLOCCULATION VALUES 

A. Experimental techniqrie 

Flocculation values were determined as follows: Into carefully cleaned 
Pyrex test tubes varying amounts of the electrolyte solutions were meas- 
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ured by means of a microburet. Sufficient carbon dioxide-free distilled 
water to make a total volume of 5 ml. was added to each from another 
microburet, followed by 6 ml. of the sol. Each tube was shaken vigor- 
ously and stoppered. Observations were made after 2 hr. 

The flocculation value for a given electroyte was then obtained from that 
concentration of electrolyte midway between the least amoimt necessary 
for complete flocculation and the next smaller amount. The results have 
all been calculated as millimoles of electrolyte per liter of combined sol 
and electrolyte solution, and are to be interpreted as the liminal concen- 
trations which just cause complete coagulation after 2 hr. The values 
were easily reproducible in all cases. 

In order to minimize the effects of carbon dioxide, carbon dioxide-free 
water was used for all solutions, and the sols were placed in flasks from 
which they could be transferred to 5-ml. burets in an atmosphere of car- 
bon dioxide-free air. 

Most of the electrolytes used were of Merck reagent or Mallinckrodt 
analytical reagent grade. A few were c.p. salts and were purified by 
repeated recrystallization from doubly distilled water. Calibrated flasks 
and weights were used throughout. 

B, Effect of sol purity 

From the method of preparation, it seems likely that lanthanum hy- 
droxide sols are stabilized by lanthanum chloride, or more particularly by 
lanthanum ion. If this be true, then the stability of a sol should be a 
function of the amount of lanthanum chloride present. Furthermore, the 
flocculation values should, in general, increase as the purity ratio de- 
creases, assuming equal sol concentrations, for the smaller the purity ratio, 
the larger the amount of stabilizing electrolyte present. Both of these 
statements have been verified. 

Interesting results upon the effect of sol purity were obtained during an 
attempt to investigate the influence of pH upon sol stability. Since Hazel 
and Sorum (10) had shown that the stability of ferric oxide sols is increased 
by increasing the hydrogen-ion concentration with hydrochloric acid, it 
was thought that hydrous lanthanum hydroxide sols might show the 
same behavior. Accordingly, samples of sol 6e were diluted as shown in 
table 2, the pH being determined on each portion with a glass electrode. 

Flocculation values determined upon these portions are summarized in 
table 3. Except with lanthanum chloride, monobasic potassium phos- 
phate, and potassium ferrocyanide, there is a general increase in floccula- 
tion value with decrease in pH. This increase is quite steady until por- 
tion 5 is reached, but between portions 4 and 5 and 5 and 6 a sudden and 
very marked increase in stability occurs in a pH range of only 0.33* It 
seems odd for a sol of this type that such a pronounced change in stability 
should occur in such a small pH interval, especially since between por- 
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tioDS 1 and 2 , where the pH change is a tride greater, only sli{^t changes 
in stidnlity are noted. Ferric oxide sols show no such tendendes. 

The slight pH changes and the hi^y basic nature of lanthanum hy- 
droxide suggested that the acid which was added had reacted with the 
colloidal particles, converting them into stabilizing lanthanum chloride. 


TABLE 2 
Dilution of sol 6e 


VOBSIOK 

DII<UTXD WITH 

pH 

1 

Equal volume of water 

7.43 

2 

Equal volume of ilf/4000 HCl 

7.03 

3 

Equal volume of ilf/2000 HCl 

6.85 

4 

Equal volume of ilf/1000 HCl 

6.67 

5 

Equal volume of ilf/600 HCl 

6.56 

6 

Equal volume of ilf/250 HCl 

6.34 


TABLE 3 


Flocculation values for sol 6e 


POBTIOH 

pH 

1 

7.43 

2 

7.03 

8 

6.85 

4 

6.67 

5 

6.56 

6 

6.34 

■UDCTBOLTHB 

FLOCCVLATION VALUB, IN M»iLIMOX«B8 PBB LITBB 

LaCl, 


115 

115 

120 



KCl 

8.5 

11.6 

20 

29 

49 

84 

KBr 


17 

22 

27 

46 

76 

KI 



25 

32 

40 

66 

KNO, 

9.5 

13 

23 

25 

37 

58 

LiCl 


17.5 

22.5 

27 

38 

51 

KF 



1.05 

1.1 

1.55 

2.45 

NagSOd 

0.115 

0.165 

0.176 

0.186 

0.215 

0.335 

KiSOi 

0.106 

0.145 

0.165 

0.175 

0.205 

0.325 

MgSOg 

0.106 

0.145 

0.155 

0.165 

0.205 

0.330 

K,Cr 04 

0.045 

0,075 

0.085 

0.095 

0.120 

0.200 

KjCriOr 

0.038 

0.043 

0.053 

0.068 

0.068 

0.103 

KH,PO« 

0.068 

0.128 

0.150 

0.153 

0.143 

0.130 

K,As04 

0.048 

0.088 

0.128 

0.160 

0.430 

0.700* 

KJ'O. 

0.028 

0.063 

0.053 

0.153 

0.270 

0.450 

K 4 Fe(CN), 

0.007 

0.009 

0.009 

0.010 

0.006 

I 

0.005 


* Does not appear in figure 3. 


H this were true, the flocculation values should then bear some relation to 
the amount of lanthanum chloride formed or to the hydrodhloric acid 
added. 

In table 4 are given data relative to the amounts of add added and the 
lanthanum chloride produced, assuming exact equivalmice. Since the 
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lanthanum chloride content is increased much more between portions 4 
and 6 than between the other portions, a comparatively large increase in 
stability should occur in this interval. 

Data from table 3 are plotted against the calculated lanthanum chloride 
contents from table 4 in figures 1, 2, and 3. For all electrolsrtes except 

TABLE 4 


Impuritiet in sol 6e 


FOBTZON 

FIKAL HYDROCHLORIC ACID 
COMCBNTRATION 

LANTHANUM CBLORIDB BQUITA- 
LBNT TO HYDROCHLORIC ACID 

1 

mUlimoUt per liter 

0 

miUimoUe per liter 

0 

2 

0.125 

0.042 

3 

0.250 

0.084 

4 

0.500 

0.167 

5 

1 1.000 

0.333 

6 

2,000 

0.667 



O 0.1 0.2 0.3 0.4- O.S 0.(> O-'t 


LANTMANUK CHLORIQg MlULtMOL.S / L ITER 

Fio. 1. Effect of sol purity upon stability 


monobasic potassium phosphate and potassium ferrocyanide the floccula- 
tion values increase smoothly with sol impurity, there being no sudden 
breaks in the curves, thus supporting the contention that the increased 
stability upon the addition of hydrocUoric acid is due to the formation of 
lanthanum ion in the sol. 

The shape of the curve seems to be somewhat dependent upon the val- 
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ence of the anion of the flocculating electrolyte. Several other points of 
interest are to be noted. First, the curves for potassium chloride, potas- 



Fio. 2. Effect of sol purity upon stability 



• Fig. 3. Effect of sol purity upon stability 


sium bromide, and potassium iodide all cross at a common point. At 
this intersection a reversal in the order of effectiveness of the three halides 
as flocculating agents occurs. The reason is obscure. 
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Second, the values for the three sulfates lie along a common curve, indi- 
cating that the nature of the cation is of almost negligible importance in 
flocculating the sols. 

Third, the order of relative effectiveness of the salts as flocculating 
agents seems to be a function of sol purity. Thus the order of decreasing 
flocculation values for the original is 

KNOi, KCl, NajSOi, KjSOi, MgS04, KHjPOi, K^As04, K*Cr 04 , KjCrjOi, 

K,P 04 , K 4 Fe(CN). 

while for the most impure sol it is 


KCl, KNO,, K,Aa 04 , K,P 04 , NasS04, MgS 04 , K,S 04 , K,Cr 04 , KH*P 04 , 

KjCtjOt, K 4 Fe(CN). 


TABLE 5 

Effect of lanthanum chloride upon flocculation values for sol 6k 


FL0CCni.AT10N TALUS. IN HILLIMOLBS PEB LITSB 


KLKCTBOXaTTB 

Sol 6k(l) 

Sol 6k(2) 

Sol 6k(3) 

KH,PO« 

0,05 

0.170 

0.230 

K.A 804 

0.048 

0.140 * 

0.230 

K,P04 

0.018 

0.083 

0.146 

K,Fe(CN), 

0.013 

0.018 

0.021 

K«Fe(CN), 

0,008 

0.012 

0.015 


Sol 6k(l): No added lanthanum chloride. 

Sol 6k(2): 0.11 millimole of lanthanum chloride per liter. 
Sol 6k(3): 0.22 millimole of lanthanum chloride per liter. 


the most surprising changes being with tribasic potassium phosphate and 
potassium arsenate. 

Fourth, the curves for monobasic potassium phosphate and potassium 
ferrocyanide show unexplained maxima. 

Lanthanum chloride exerts a similar stabilizing effect. Data obtained 
for sol 6k, which are given in table 5 and figure 4, show a close parallel to 
those values for hydrochloric acid in equivalent regions. Again the be- 
havior of monobasic potassium phosphate is peculiar. 

C. Effed of dilution 

Although the application of the Burton-Bishop rule (4) to hydrous oxide 
and hydroxide sols has been disputed, Sorum and his coworkers (11, 7) 
have shown that while highly purified ferric oxide and chromic oxide sols 
follow the rule, treatment with ferric and chromic chlorides, respectively, 
causes them to require decreasing amounts of all electrolytes for floccula- 
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tictti alter dilution. It will be shown that hydrous hydroxide 

sols exhibit the same characteristics. 



O 0.1 0.^ 0.3 
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Pio. 4. Effect of sol purity upon stability 
TABLE 6 

Effect of dilution upon flocculation valuee of sol 6i 


XUBCTJBOLTTS 


fliOCCniiATXON TALUS, XK IIILLXIIOUBB PBB UTBR 



100 per cent 

; 80 per cent 

00 per cent 

40 percent 

1 

i 

1. Monovalent anions: 






KBr 

14 

12 

11 


* 

KCl 

11 

10 

9 

9.5 

e 

KF 


0.35 


0.45 

0.60 

2. Divalent anions: 





K,S04 


0.165 1 




K,Cr 04 






K,Cr,0, 






8. Tri valent anions: 




KsAsOa 






K1PO4 






4 . Tetravalent anion: 





K 4 Fe(CN), 







' Sol too dilute for accurate observations, 


Flocculation values obtained for sol 6i are summarized in table 6, 
where sol concentrations are expressed as per cent of the original sol 




FLOCCUUATiOM VALUg MILL i MOLS/ i.! TER rUPCCUl, ATI ON VAI.UC Hll.t.tWOI,S / LiTER 




Fig. 5. Effect of dilution upon sol stability 



Fig. 6. Effect of dilution upon sol stability 
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present. Some of these data are plotted in figures 5 and 6. This sol 
follows the Burton-Bishop rule for all electrol 3 rtes investigated except 
potassium chloride and potassium bromide. 

The effects of dilution after the addition of lanthanum chloride are 
shown in table 7, where the 100 per cent sol received 0.19 millimole of 
lanthanum chloride per liter and the others proportionally smaller 


TABLE 7 

Efect of dilution upon $ol Bi {treated) 


■LBCTROLTTB 

FLOCCULATION VALUE, IN MILLIIIOLBS PBR LITBR 

100 per cent 

40 per cent 

20 per eent 

1. Monovalent anion: 




KF 

0.88 

0.65 

0.60 

2. Divalent anions: 




K,S04 

0.30 

0.23 

0.25 

K,Cr 04 

0.165 

0.125 

0.115 

KjCrjO, 

0.095 

0.070 

0.055 

3. Tetravalent anion: 




K 4 Fe(CN), 

0.008 

0.004 

0.002 


TABLE 8 

Effect of dilution upon flocculation values of sol 6m 


VXOCOnLATXON TALUS, IN MILLZUOLBS PBR LITBR 


XLBCTROLTTR 



100 per cent 

75 per cent 

50 per cent 

1. Monovalent anion: 




KBr 

2.5 

3.5 

4.5 

2. Divalent anions: 




K,804 

0.075 

0.085 

0.095 

K,Cr,Or 

0.066 

0.066 

0.065 

3. Tri valent anions: 




KgAsOd 

0.043 

0.043 

0.038 

KiPOt 

0.023 

0.023 

0.023 

4. Tetravalent anion: 




K4Fe(CN)i 

0.006 

0.006 

0.005 


amounts. Decreasing amounts of all electrolytes are required as the sol 
is diluted. 

Further evidence of the application of the Burton-Bishop rule to highly 
purified sols is given in table 8. Here potassium bromide also followed the 
rule, but the effects were less noticeable with the anions of higher valence, 
perhaps because of the greater purity of this sol (see table 1) . Data in table 
9 show that again the addition of lanthaniun chloride caused the sol to 
exhibit “normal effects” upon dilution. Again the 100 per cent sol was 
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treated with 0.19 millimole of lanthanum chloride per liter and the others 
with proportionally less. 


D. Effect of alcohol 

If the stability of a hydrous oxide or hydroxide sol be due in part to 
hydration, the addition of a dehydrating agent such as alcohol or acetone 


TABLE 9 

Effect of dilution upon sol Om (treated) 


ELECTROLYTE 

FLOCCULATION VALUE, IN MILLIMOLES PER LITER 

100 per cent 

76 per cent 

, 50 per cent 

1. Monovalent anion: 




KBr 

34 

29 

25 

2. Divalent anions: 


i 


K,S04 ... 

0.27 

0.24 

0.21 

K,Cr,07 

0.115 

0.105 

0.085 

3. Trivalent anions: 




K3A8O4 

0.243 

0.173 ! 

0.118 

K,P04 

0.133 

0.103 

0.073 

4. Tetravalent anion: 




K4Fe(CN)fl. . . ... 

0.021 

0.016 

0.011 


TABLE 10 

Effect of alcohol upon sol 61 


|fLOCCULATION VALUa, IK MILLIMOLES PER LITER 


ELKGTROLTTE 


1 

Sol 61(3) 

Sol 61(3)' 

KCl ! 

25 

22 

KF .... 

1.15 

0 85 

K,S04 ... 

0.21 

0,15 

K,CrO. 

0 13 

0.115 

K,Cr,0, 

0.09 

0.08 

IV3ASO4. ... ... 

0.175 

0.145 

K3PO4. . 

0.108 

0.093 

K4Fe(CN)« 

0.008 

0.008 


should render that sol more sensitive to flocculation by electrolytes. 
Reports in the literature are, however, conflicting (19). 

In table 10 are summarized some flocculation values obtained with 
sol 61. A part of sol 61 was divided into two 750-ml. portions, one of 
which, 61(3), was treated with 250 ml, of water, and the other, 61(3)', 
with 250 ml. of 95 per cent ethyl alcohol. With the exception of the 
ferrocyanide all anions, regardless of valence, were more effective in 
flocculating the sol treated with alcohol. However, the small differences 
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m flocculation values between the two sols indicate that the ddiydiating 
action was not very pronounced and that, therefore, only a small amount 
ci the stability of lanthanum hydroxide sols can be ascribed to hydration, 
the major part being due to adsorbed lanthanum ion. Furthermore, 
nmther alcohol nor acetone alone is capable of flocculating these sols, 
indicating the absence of excessive hydration. 

E. Discussion 

From the results presented it may be concluded that the stability of 
lanthanum hydroxide sols is influenced chiefly by purity and sol concen- 
tration. 

The apparent impossibility of obtaining sols that give exactly the same 
flocculation values for a given salt is to be expected, for the conditions of 
dialysis could not be sufficiently accurately controlled to srield sols of 
constant concentration and purity. Consequently, no attempt has been 
made to ascribe to lanthanum hydroxide sols in general a definite floccu- 
lation value for each electrol}rte. Each sol possesses its own stability and 
can be characterized by the flocculation values obtained for it. 

The data for sol 6e have indicated that the lyotropic order depends 
somewhat upon sol purity. Taking this into account and using only the 
results for the more nearly pure sols, it has been possible to compile the 
following series for the potassium salts, in which the anions are arranged 
in order of increasing flocculation values: ferrocyanide, ferricyanide, tri- 
basic phosphate, arsenate, dichromate, monobasic phosphate, chromate, 
sulfate, fluoride, nitrate, chloride, bromide, and iodide. The arrangement 
in this series agrees well with those reported for ferric oxide (10) and beryl- 
lium oxide (15) sols. The values for lanthanum hydroxide are of the same 
magnitude as those for ferric oxide but are much smaller than those for 
beryllium oxide. 

By analogy to other sols, it is probable that the stabilizing lanthanum 
ion is adsorbed on the suspended particles. Since Bohm and Niclassen 
(2) have shown that the sol particles give the same x-ray pattern as 
precipitated lanthanum hydroxide, it is likely that these particles, too, 
are lanthanum hydroxide. 

HTDHOUS LANTHANUM HTDROXIDE SOLS AND THE IRBEQULAB SBBIES 

Flocculation studies with tribasic potassium phosphate indicated that 
lanthanum hydroxide sols containing considerable phosphate flocculate 
much more slowly than those containing smaller quantities of the electro- 
l3rte. Such obwrvations suggested an irregular series, and it was found 
that lanthanum hydroxide sols are recharged by tribadc potassium phos- 
phate. 

A series of experiments was carried out with sol 6k. This sol was di- 
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vided into three portions, which were treated as indicated in table 5. 
Five-milliliter samples of these sols were observed in the presence of in- 
creasing concentrations of several electrolytes yielding polyvalent anions, 
according to the method used for the determination of flocculation values. 
The results are given in table 11. Of the electrolytes investigated, only 
the tribasic phosphate gave an irregular series. In no other instance was 
there any evidence of a recharging effect. For the tribasic phosphate. 


TABLE 11 

The irregular eeriee for sol 6k 


ELBCTROl^YTS 

CONCBNTRATION IN 
MILLIMOLBB PER LITBR 

OBaSRYATIONa (2 HR.) 

ELECTRO- 

PHORBTIC 

14XQBAT10N 

A. Sol 6k(l) 

1. K,PO« 

0 to 0.018 

No coagulation 

To cathode 


0.018 to 0.215 

Complete coagulation 



0.215 to 95 

No coagulation 

To anode 


95 up 

Complete coagulation 


2, KH,P04 

0 to 0.05 

No coagulation 

To cathode 


0.05 to 50 

Complete coagulation 


3. KiAsOi 

0 to 0.048 

No coagulation 

To cathode 


0.048 to 60 

Complete coagulation 


4. K,Fe(CN), 

0 to 0.013 

No coagulation 

To cathode 


0.013 to 50 

Complete coagulation 


6. K 4 Fe(CN), 

0 to 0.008 

No coagulation 

To cathode 


0.008 to 60 

Complete coagulation 


B. Sol 6k(2) 

1. K,P04 

0 to 0.083 

No coagulation 

To cathode 


0,083 to 0.75 

Complete coagulation 



0.75 to 37 

No coagulation 

To anode 


37 up 

Complete coagulation 


2. KH,P04 

0 to 0.170 

No coagulation 

To cathode 


0.170 to 60 

Complete coagulation 


3. K,As04 

0 to 0.140 

No coagulation 

To cathode 


0.140 to 50 

Complete coagulation 


4. K,Fe(CN), 

0 to 0.018 

No coagulation 

To cathode 


0.018 to 50 

Complete coagulation 


6. KiFefCN), 

0 to 0.012 

No coagulation 

To cathode 


0.012 to 50 

Complete coagulation 

1 
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TABLE 11 — Continued 
The irregidar eeriee for aol ek 
G. Sol 6k(3) 


1. K,P04 

0 to 0.145 
0.145 to 1.0 

1.0 to 31 

31 up 

No coagulation 
Complete coagulation 
No coagulation 
Complete coagulation 

To cathode 

To anode 

2. KH,PO« 

0 to 0.230 
0.230 to 50 

No coagulation 
Complete coagulation 

To cathode 

3. K,A804 

0 to 0.230 
0.230 to 50 

No coagulation 
Complete coagulation 

To cathode 

4. KJfe(CN), 

0 to 0.021 
0.021 to 50 

No coagulation 
Complete coagulation 

To cathode 

6. K«Fe(CN), 

t 0 to 0.015 

0.015 to 50 

No coagulation 
Complete coagulation 

To cathode 


the narrowed stability range for the negative sol with increasing lantha- 
num chloride concentrations is to be expected, for the lanthanum ion will 
add its zeta potential-raising power to that of the potassium ion and 
thereby promote flocculation of the negative sol at lower potassium phos- 
phate concentrations. 

Observations upon another sol indicated that dibasic potassium phos- 
phate gave evidences of a slight recharging effect. Thus for lanthanum 
hydroxide sols it appears that the tribasic phosphate ion is specific in 
producing the irregular series, and in the series tribasic phosphate, dibasic 
phosphate, monobasic phosphate the recharging effects decrease with 
decreasing concentrations of PO 4 ion. 

Negative lanthanum hydroxide sols, while resembling the positive sols 
in appearance, are much less stable and flocculate after 24 to 36 hr. 

DENSITT MEASUBEMENTS 

With regard to the density of a hydrophobic sol, Freundlich ( 8 ) states 
that it “may be represented by a linear equation” dependent upon sol 
concentration. Results of density determinations upon sols 6 x and 6 y 
are given in table 12 and figure 7. The original sols were diluted to the 
desired concentrations with carbon dioxide-free distilled water, and the 
values were obtained with a calibrated 10 -ml. pycnometer at 26®C. d= 
0 . 01 “. All data are referred to 4“C. Thus the densities of hydrous 
lanthanum hydroxide sols vary linearly with the amount of the dispersed 
material. 
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MISCELLANEOUS 

Hydrous lanthanum hydroxide sols exhibit a well-defined Tyndall ef- 
fect, and the particles may be distinguished as points of light with the 
ultramicroscope. 


TABLE 12 


Density measurements 


Sol ex 

Sol By 

LasOi 

OSNSITT 

LaiOt 

OENBZTT 

gtavM jttr Itter 

gramt per ce. 

grame per liter 

grame per ee. 

4.04 

1.0005 

3.99 

1.0003 

3.64 

1.0002 

3.59 

1.0000 

3.23 

0.9998 

3.19 

0.9995 

2.83 

0.9994 

2.79 

0.9991 

2.42 

0.9991 

2.39 

0.9989 

2.02 

0.9988 

2.00 

0.9987 

1.62 

0.9984 

1.60 

0.9985 

1.21 

0.9981 

1.20 

0.9980 

0.81 

0.9977 

0.80 

0.9977 

0.40 

0.9973 

i 0.40 

0.9972 

0 

0.9970 

! 0 

0.9970 



CONCeWTWATION — f.O./ LITC»» 

Fio. 7. Density of sols 


Undialysed sols may be boiled or frozen without flocculation. Dialyzed 
sols, however, are readily coagulated by boiling or freezing. The coagu- 
lum from a boiled sol is crystalline and finely divided, indicating the aging 
effects of heating. 
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SVMUABT 

1. Stable lanthanum hydroxide sols have been prepared and purified by 
dialysiB. 

2. All sols absorb carbon dioxide from the air. The reduction in sol 
concentration due to carbonate formation has been followed. 

3. The stability of the dialyzed sols, as measured by flocculation values, 
has been investigated under a variety of conditions. The addition of 
lanthanum chloride or hydrochloric acid stabilizes the sols. Very pure 
sols follow the Burton-Bishop rule, but the addition of small amounts of 
lanthanum chloride causes these sols to exhibit “normal” effects upon dilu- 
tion. Alcohol exerts a sensitizing effect. 

4. A lyotropic series has been set up. 

5. An irregular series has been found for tribasic potassium phosphate, 
but not for similar electrolytes. The addition of lanthanum chloride 
narrows the region of stability of the negative sol. 

6. The densities of lanthanum hydroxide sols vary linearly with sol 
concentration. 

7. A few qualitative observations have been given. 

REFERENCES 

(1) Biltz: Ber. 87, 719 (1904). 

(2) BOhu and Niclassbn: Z. anorg. Chem. 132, 1 (1923). 

(3) Britton: J. Chem. Soc. 127, 2142 (1925). 

(4) Burton and Bishop: J. Phys. Chem. 24, 701 (1920). 

(5) Dauour: Compt. rend. 43, 976 (1856). 

(6) Dhlapontainb: Chem. News 78, 284 (1896). 

(7) Fishkr and Sorum: J. Phys. Chem. 89, 283 (1935). 

(8) Freundlich: Colloid and Capillary Chemistry, p. 365. E. P. Dutton and Co., 

New York (1926). 

(9) Freundlich and Schalek: Z. physik. Chem. 106, 153 (1924). 

(10) Hazel and Sorum: J. Am. Chem. Soc. 63, 49 (1931). 

(11) Judd and Sorum: J. Am. Chem. Soc. 62, 2598 (1930). 

(12) KrOgbr and Tschirch: Ber. 62B, 2776 (1929). 

(13) Lottbrmossr: Kolloid-Z. 88, 271 (1923). 

(14) McCutcheon and Smith: J. Am. Chem. Soc. 29, 1460 (1907). 

(15) Madson and Krauskopp: J. Phys. Chem. 86, 3237 (1931). 

(16) Moeller and Krauskopp: J. Am. Chem. Soc. 60, 726 (1938). 

(17) Sadolin: Z. anorg. Chem. 160, 133 (1927). 

(18) Sen: Z. anorg. allgem. Chem. 174, 61 (1928). 

(19) Thomas: Colloid Chemistry, p. 196. McGraw-Hill Book Co., New York (1934). 



THE ANOMALOUS EFFECT OF MAGNESIUM CHLORIDE UPON 
THE DISSOCIATION OF WEAK ACIDS 

ISIDOR GREENWALD 

Department of Chemistry, New York University Medical College, New York, 

New York 

Received May 9, 19$B 

In two papers published in this Journal Simms (4) called attention to 
the anomalous effect of the magnesium ion upon the dissociation of weak 
acids. Since the author of this paper has, in the course of other work (2), 
come to the conclusion that the calcium salts of organic acids, and of 
sulfuric and phosphoric acids as well, are only partly dissociated, it seemed 
possible that the anomalous effects obtained by Simms might similarly be 
due to incomplete dissociation of the magnesium salts. 

The discussion in this paper will be limited to four of the acids with 
which Simms observed the greatest effects, wz, oxalic, malonic, aspartic, 
and aminoacetic acids.^ 

From the equation 

TT f 1 anion 

pH-pK + log^g 

It is evident that the addition of Mg^*", or of any other cation capable of 
forming a complex with the anion, must decrease the pH of the solution. 
To bring the solution back to its original pH will require a certain amount 
of base. At this pH the acid not bound as complex will, of course, be 
distributed as free acid, as monanion and as dianion, in exactly the same 
proportions as in a solution containing the same amount of total acid but 
no Mg++ or other cation capable of forming a complex with either of the 
anions. 

At any given pH, let V = corrected equivalents of base per mole of acid 
in the absence of Mg++, and B' = corrected equivalents of base per mole 
of total acid in the presence of Mg++. If we assume that the reaction in 
the case of dibasic acids is 

Mff^ + A— = MgA 

then 

B' = 1>'(1 - MgA) + 2MgA 

* The case of citric acid will be considered by Cannan and Abels in another 
communication. 
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from which 

MgA = 2 _ b' 

The data of Simms for pH, B', and V were plotted on large-scale co- 
ordinate paper. There were thus obtained, for each acid, two pairs of 
curves, one for solutions of •%//* ^ 0.20 and the other for solutions of Vm — 
0.28. From each of these, three points were taken, representing the two 
extr^e observed points at which direct comparisons were possible and 
one intermediate one. 

The treatment of one pair of figures for oxalic acid will be given in detail. 
In a solution containing a total of 9.53 millimoles of oxalate and 25 milli- 
moles of magnesium chloride at pH = 2.885, b' = 1.102 and B' = 1.510. 
From equation 1, 

[MgOx] = 9.53 = 4.33 millimoles 

2 0 


The removal of this much Mg++ and of the same amount of oxalic acid 
(in its three forms) lowered y/ n from 0.292 to 0.266. At this ionic strength, 

, / _ H^iC, -b 2KiK, 

[H+P-i-lH+lXx + Kiii:* 

U^g values for Ki and Kt given by Simms (4, 5), 

b[ = 1.078 

We now obtained MgOx = 4.46 millimoles, from which the remaining 
oxalic add = 5.07 millimoles and Mg+^ * 20.54 millimoles, y/ii was now 
0.265. The concentration of Ox was then calculated to be 0.460, and 
the value of /T to be 


K 


lMg^[Ox-1 

[MgOx] 


= 2.12 X 10~* 


The other values for oxalic add given in the table were calculated in a 
dmilar manner. 

With malonic add the calculation was somewhat simpler because, at 
the pH of the observations, no appreciable quantity of free malonic acid 
could be present. 

In the case of aspartic acid, it was assumed that the complex formed was 


Mg 


/ 


OOCCHNH, 


\ 


OOCCH, 


It was assumed that, at pH 8.64 to 9.06, there were no NHs*^ groups. 
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With glycine two formulations appeared equally probable. The com- 
plex might be (MgOOCCH*NH,)+ or Mg(OOCCH*NH*) 2 . As in the case 
of aspartic acid, it was assumed that, at pH 9, there were no NH 3 + groups. 
If each Mg binds one mole of glycine, 

MgGlyc = ^ 

whereas if two moles of glycine are boimd 

T,, 1 B’ -b' 

MgGlyc* = 2 Yiry 

TABLE 1 

Valvet for the dissociation constants* of magnesium oxalate, magnesium malonate, 
magnesium aspartate, and magnesium aminoacelate, calculated from the data 

of Simms 


MAGNSaiUM OXALATS 

MAGNXSXUlf MALONATE 

Imaonebium aspabtatbI 

„ 1 

magnesium amimoacbtatb 

pH 

Vi 

iCXlO* 

(1) 

pH 

Vi 

uRTXlO* 

; 

pH 

! Vi 

1 

Kyio > 

<i) 

PH 

Vm 

JSTX 10» 
(2) 

/CX10» 

( 3 ) 

2.885 

0.26 

2.12 

5,022 

0.27 

8.69 

8.661 

0.28 

6.35 

8.930 

0.28 

0.111 

31.5 

3.182 

0.26 

2.23 

5.260 

0.27 

8.66 

8.847 

0.28 

5.96 

9 . 065 | 

0.28 

0.088 

21,9 

3.585 

0.25 

2.31 




8.979 

0.27 

5 26 

9.248 

0.28 

0.091 

I 

19.5 

2.925 

0,19 

1.86 

5.100 

0.20 

6.72 

8 . 643 j 

0.20 

4.73 

9.020 

0.20 

0.082 

20.4 

3.479 

0.18 

1.96 

1 5.436 

0.20 

7.32 

8.884 

0 20 

4.49 

9.128 

0.20 

i 0.046 

11.2 

3.949 

0.18 

2.05 

5,538 

0,20 

7.60 

9.064 

0.20 

3.98 

9.316 

0.20 

0.059 

10.3 


(l)K 


lMg++l[A"l 

(MgA'l 


(.2)K 


[Mg;^(Gl^yc2P 

[MgGlyc] 




* These constants are stoichiometric, not thermodynamic. 


[M g*^][Glyc-l 

[MgGlyc"''] 


As may be seen from the table, the latter hypothesis gives a more 
constant value for K. Tliis is contrary to what has been assumed by 
Davies (1) for the calcium salt, but it does not appear from his paper that 
the alternative hypothesis Imd been considered. 

The stoichiometric constants for the dissociation of calcium malonate 
and oxalate derived in this paper from the data of Simms are much greater 
than the absolute constants, 16 X 10~* and 3.7 X 10“^, respectively, 
derived by Money and Da'vies (3) from conductivity data. From the 
table it will be seen that the values of K decrease as the ionic strength is 
diminished, but, from the data available, extrapolation to zero ionic 
strength is not possible. In all probability such values, if obtained, would 
be closer to those of Money and Davies than are those presented in the 
table. 
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The anomalous effect of magnesium ions upon the dissociation of weak 
acids is shown to be consistent with the assumption of the formation of 
slightly dissociated complexes. 
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NICKEL, CADMIUM, AND LEAD SULFIDES AS CATALYSTS IN 
THE VAPOR PHASE REDUCTION OF NITROBENZENE^ 

0. W. BROWN AKD E. D. RAINES 

Laboraiory of Physical Chemistry, Indiana University, Bloomington, Indiana 

Received July S9, 19S8 

In a previous paper the results of the catalytic activity of cobalt sulfide 
(3) in the vapor phase reduction of nitrobenzene have been reported. In 
the present paper the catalytic activity of the sulfides of nickel, cadmium, 
and lead are dealt with. The object of this study was to investigate the 
conditions under which the metallic sulfides in question most effectively 
promote the vapor phase reduction of nitrobenzene, and to compare the 
results with those obtained when the pure, finely divided metals are used 
as catal 3 rsts. 


APPARATUS, PEOCEDURB, AND ANALYSIS 

The apparatus, general procedure, and analysis were practically the 
same as that used by Brown and coworkers (2) in previous work. 

PREPARATION OF CATALYST 

The nickel, cadmium, and lead sulfide catalysts used in this work were 
prepared by passing hydrogen sulfide gas into the solutions of their respec- 
tive acetates. In each case the residues were washed with several liters 
of cold distilled water imtil all impurities were removed. The pure sulfide 
residues were dried overnight at 110°C. 

NICKEL SULFIDE AS A CATALYST 

The nickel sulfide (8.8 g.) was placed in the catalyst tube. Data were 
collected under the conditions outlined in table 1 to show the effect of 
temperature on the yield of aniline. 

Several runs were made and discarded before the data in table 1 were 
taken. When a temperature of 282°C. was used, almost colorless aniline 
was obtained. When a higher temperature was used (296.5'’C.), the yield 
of aniline decreased, but after this point successive runs at temperatures of 
290-284"C. gave 97.79 per cent of the theoretical yield of pure aniline. 

* This paper is constructed from a dissertation presented by Eugene Daniel Raines 
to the Faculty of the Graduate School of Indiana Univcrmty in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy in Chemistry, June, 1938. 
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When the temperature was dropped to 278-279°C. the yields reached 
98.34 per cent of the theoretical value. These data show that, although 
hig^ temperatures may not ^ve best 3 rield 8 of aniline, the catalyst is ac- 
tivated to the extent tW maximum yields of pure aniline may be obtained 
when much lower temperatures are subsequently used. 

Another series of nms was made in order to collect data that would show 
the effect of rate of hydrogen flow on the yield of aniline. Seven and one- 
half grams of nickel sulfide catalyst was used at temperatures of 278- 
280®C. The rate of flow of nitrobenzene was 4.82 g. per hour. With a 
rate of flow of hydrogen of 9.2 to 11.6 liters per hour, the yield of aniline 

TABLE 1 


The effect of temperature on the yield of aniline 
Weight of nickel sulfide catalyst, 8.8 g. ; rate of flow of hydrogen, 11.6 liters per hour; 
rate of flow of nitrobenzene, 4.818 g. per hour 


NUliBBB OF BUNS If ADB 

TBMPBBATUBX OF OPBBATION 

TXBLD OF ANILXNB 


•c. 

per e»nt 

13 

279 

93. 33* 

7 

282 

96.67 

11 

296.5 

93.33 

1 

290 

97.79 

3 

288 

97.79 

2 

284 

j 97.79 

1 

274 

97.23 

8 

280 

97.23 

5 

303 

95.01 

3 

308 

97.60 

4 

316 

96.90 

2 

312 

95.00 

1 

279 

98.34 

5 

270 

92.73 

3 

278 

98.34 


* Each yield of aniline is expressed as the average of the given number of runs. 


was from 98.07 to 98.21 per cent. Both lower and higher rates of flow of 
hydrogen decreased the yields of aniline. 

Another series of runs was made over 8.8 g. of the same catalyst at tem- 
peratures of 278-280°C. and a rate of flow of hydrogen of 11.6 liters per 
hour. The rate of flow of nitrobenzene was varied from 3.53 to 12.03 g. 
per hour. It was found that a maximum yield of aniline of 98.90 per cent 
was obtained- with rates of flow of nitrobenzene of 5.78 to 7.61 g. per hour. 
The yield of aniline decreased when hi^er or lower rates of flow of nitro- 
benzene were used. 

A comparison of the results obtained with nickel sulfide and finely di- 
vided nickel in the vapor phase reduction of nitrobenzene to aniline, when 





CATALYSTS IN BEDTJCTION OF NITROBENZENE 


385 


the best working conditions were used, is given in table 2. It is seen 
from these data that higher yields of aniline are obtained with a nickel 
sulfide catalyst than with a metallic nickel catalyst. It is of interest to 
note that the best temperature of operation for the nickel sulfide catalyst 
is 87“C. higher than for metallic nickel. As catalyst for the production of 
a given weight of aniline only about one-fourth as much nickel sulfide 
as metallic nickel was required. 

CADMIUM SULFIDE AS A CATALYST 

The catalytic activity of cadmium sulfide in the vapor phase reduction 
of nitrobenzene was investigated between temperatures of 289® and 400®C. 
The catalyst was permanently killed at temperatures of 361®C. and above. 

With 14 g. of cadmium sulfide catalyst, a rate of flow of hydrogen of 
12 liters per hour, and a rate of flow of nitrobenzene of 2.9 g. per hom at 
346®C., the jrield of aniline was 83.72 per cent. This is the highest yield 
obtained over cadmium sulfide. This indicates that cadmium sulfide is a 

TABLK 2 


Comparison of nickel and nickel sulfide as catalysts 


CATALTVT 

MSTAIXIC iriCKXL PXOM 
OXIDB ( 3 ) 

KICKXL SUIjriOB PROM 
MICXBL ACBTATB 

Weight of catalyst 

Operation temperature 

16 g. 

192®C. 

17 

3. 1-3. 8 g. 

95.8 

8.8 g. 

27a-280®C. 

11.6 

5.78-7.61 g. 
98.90 

Liters of hydrogen per hour 

Grams of nitrobenzene per hour 

Yield of aniline in per cent of theoretical yield 


poorer catalyst for the vapor phase reduction of nitrobenzene than finely 
divided metallic cadmium (1), which gives quantitative yields of pure 
aniline. 


LEAD SULFIDE AS A CATALYST 

After making a study of the effect of change of temperature and the rate 
of flow of hydrogen and nitrobenzene over 16.2 g. of a lead sulfide catalyst, 
a 98.2 to 98.45 per cent yield of aniline was obtained. The conditions 
were 308® to 310®C. with a rate of flow of 24.8 liters of hydrogen and 3.56 g. 
of nitrobenzene per hour. At 308® to 310®C. the aniline was water-white. 
When temperatures above 312®C. were used there was a noticeable de- 
crease in the quantity of aniline produced. 

The lead sulfide catal}rst became more active with use, as long as the 
best working conditions were used. Excessive amounts of hydrogen 
seemed to inactivate the catalyst. When the lead sulfide was taken from 
the catalyst tube for examination, it was found to have been partly re- 
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duced. Balls of lead less than 1/36 in. in diameter were picked from the 
grains of lead sulfide. 

Lead sulfide is a good catal}^ for the vapor phase reduction of nitro- 
benaene. The behavior of the lead sulfide catalyst was in many ways 
similar to that of a metallic lead catalyst (4). The lead sulfide catalyst 
gave practically no azobenzene; however, a yield of azobenzene as high 
as 30 per cent may be obtained over a freshly prepared metallic lead 
catalyst. 


SUMMABT 

1. Nickel sulfide as a catalyst: (Jf) Data have been collected which 
show that yields of aniline as h^h as 98.90 per cent of the theoretical 
yield were obtained over a nickel sulfide catalyst at 278“ to 280“C. (8) 
A nickel sulfide catalyst is a better producer of high yields of water-white 
aniline than is pure, finely divided metallic nickel. 

2. Cadmium sulfide as a catalyst: (1) Cadmium sulfide as a catalyst 
in the vapor phase reduction of nitrobenzene was thoroughly investigated. 
Under optimum working conditions (temperature, rate of nitrobenzene 
flow, and rate of hydrogen flow) the maximum yield of aniline was 83.72 
per cent. (8) Cadmium sulfide is very sensitive to temperature changes. 
It was permanently killed at a temperature of 361“C. or above. (3) 
Cadmium sulfide is not a good catalyst for the reduction of nitrobenzene 
to aniline, in that it gives low yields of aniline and a colored product. 

3. Lead sulfide as a catalyst: (1) When lead sulfide was used as a 
catalsrst at 308° to 310°C., yields of aniline as high as 98.45 per cent were 
obtained. (8) The activity of a lead sulfide catalyst is similar to the 
pure lead catalyst, in that the highest aniline 3 rield 8 are obtained at 308“ 
to 310“C. and the activity of both catalysts increases with use as long as 
the optimum working conditions are maintained. 
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COMMUNICATION TO THE EDITOR 
THE SOLUBILITY OF CALCIUM BICARBONATE. II 
Partial Peptization^ 

One of my colleagues noted that in my report on the solubility of 
calcium bicarbonate (J. Phys. Chem. 42, 971 (1938)) I did not mention the 
possibility that part of the salt might be peptized, and part might be in 
true solution. This should be considered, since it is well known that 
gelatin and certain soaps fall into this class, although in these cases the 
major portion is peptized, not dissolved, by the water. 

Experiments with collodion membranes similar to the previous ones 
were carried out, except that the original solutions were filtered free from 
visibly suspended calcium carbonate, and unit concentrations were deter- 
mined for the diffusand and the diffusate. If part of the calcium bi- 
carbonate were merely peptized, the total calcium concentration at equi- 
librium would be higher in the diffusand than in the diffusate, which 
fact can be seen by examining the general expression for a Donnan equi- 
librium. 

A solution with a concentration of 68.8 mg. per 100 cc. (calculated as 
calcium carbonate and discounting the ordinary solubility of this salt) 
was used. The final concentration inside the membrane was 9.64 mg. per 
100 cc.; that outside was 9.63 mg. per 100 cc. A second run with a dif- 
ferent membrane and an original concentration of 70.5 mg. per 100 cc. 
gave values of 8.89 and 8.91 mg. per 100 cc., respectively. Thus, within 
the error of analysis, all of the calcium bicarbonate seems to be in true 
solution. 

Since the green of the streams referred to in the first paper seems not 
to be due to colloidal calcium bicarbonate, we are planning to obtain 
samples of the water to determine the source of the color, if possible. 

Stephen S. Hubard 

Department of Chemistry 
Cornell University 
Ithaca, New York 

^Received November 1, 1938. 
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Unit Proceeaea in Organic Syntheaia, By P. H. Groogins. Second edition. 741 
pp. New York: McGraw-Hill Book Company, Inc., 1938. Price: $6.00. 

In the preface to the first edition the author states that his purpose is *Ho present 
in a systematic manner the principles and practice of the more important and well- 
defined reactions in organic synthesis*^ and to correlate these under the term “unit 
processes, “ as the multifarious physical operations of chemical industry had been 
previously correlated under the term “unit operations. “ The success of this idea 
was proved by the widespread and enthusiastic reception of the first edition. But 
the rapid growth and ever changing emphasis of organic syntheses necessitate fre- 
quent revisions of such an undertaking. This has been admirably accomplished in 
the second edition of this valuable book. 

Without change in the general plan of the book the several chapters on nitration, 
amination, hydrolysis, sulfonation, oxidation, esterification, and the Friedel-Crafts 
reaction have been enlarged and brought into line with current developments, espe- 
cially with relation to the increased emphasis on aliphatic chemistry. The unit 
processes of halogenation and hydrogenation are given new theoretical treatment 
from the thermodynamic point of view. An excellent section on coupling has been 
added to the chapter on diazotization, and the chapter on alkylation has been sub- 
stantially revised and enlarged. The marked increase in number and importance 
of the synthetic plastics is reflected in the complete rewriting and enlargement of the 
chapter on polymerization, although it is to be regretted that the special case of 
simple condensation so widely used in the manufacture of dyes and intermediates is 
not adequately treated. All the other common unit processes have been give*n com- 
plete treatment, with the minor exceptions of nitrosation and acylation. 

The book is rendered more authoritative because it is a collaborative effort of 
twelve experts, all well-known to American chemistry, with P. H. Groggins acting 
as Editor-in-chief. This volume exhibits the usual careful workmanship of all the 
members of the McGraw-Hill Chemical Engineering Series. It is indispensable to 
workers in the field of organic technology and should be equally useful to the pure 
organic chemist, because of its valuable correlation of synthetic methods. 

Ralph E. Montonna. 

Introductory Quantum Mechanics. By V. Rojansky. New York: Prentice-Hall, 
Inc., 1938. 

The extraordinary success that has attended the application of the methods of 
quantum-mcchanical theory to chemical as well as physical problems (if such a 
distinction may still be supposed to exist) has brought with it the necessity for 
renewed activity in the study of certain branches of pure mathematics which have 
been largely overlooked in the curricula of scienc^e students. As a consequence a 
considerable portion of any course in quantum mechanics must be devoted to the 
study of linear operators, matrices, partial differential equations, expansions in 
series of orthogonal functions, group theory, etc. Rojansky's book is designed to 
facilitate the study of this mathematical framework in a reasonably elementary and 
yet comprehensive way. It does not go very thoroughly into any of the special fields 
of application such as atomic or molecular theory, metallic conductivity, etc , but 
develops strictly only the basic theory which is common to ail of these fields. 
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In the opinion of this reviewer Rojansky’s text fills in an admirable manner a 
need that has existed for a long time in the literature of quantum mechanics. The 
whole book shows evidence of a careful selection and arrangement of material as 
well as choice of explanatory method. While making few demands on the previous 
mathematical training of the student, it still manages to cover most of the material 
necessary for a good foundation in the basic principles of quantum mechanics. The 
ntiknerouid prPblems are easy but not trivial, and seem to be well chosen for their 
explanatory character. In view of the absence of detailed applications the book 
does not furnish a basis for a comprehensive course of study in any given field of 
quantum mechanics, and should be used in conjunction with some book or set of 
lectures covering the field in which the student may be particularly interested. For 
one desirous of attaining a thorough grounding in quantum mechanics and its appli- 
cations to physicochemical problems, the reviewer can give no better advice than to 
study Rojansky for general theory and Pauling and Wilson (McGraw-Hill Book Co., 
1935) for applications, and especially to work the problems in both books. With this 
foundation he can forge into the broad fields of quantum mechanics on his own with 
a sure footing. 

E. L. Hill. 


Inhibitorwirkungen. Eine Darsiellung der negativen Katalyse in Ldsungen. By 
K. Weber. Die chemische Analyse, herausgegeben von W. Biittgcr, Band 50. 
25 X 16 cm.; xii 191 pp. Stuttgart: F. Enke, 1938. Price: unbound, 16.60 RM.; 
bound,^ 18.20 RM. 

The subject of reaction inhibition has recently attracted much interest, and a book 
on the field by K. C. Bailey (in English) appeared a short time ago. The present 
volume deals with the subject largely from the physicochemical point of view and 
is a useful supplement to the literature. In confining the field to solutions the author 
has ha4 to omit much material of interest, so that the book cannot claim to cover the 
whole field of anticatalytic phenomena. The main sections are on the quenching of 
fluorescence, and on retardation in photochemical, autoxidation and thermal reac- 
tions, and general inhibition reactions. In each section the more important typical 
reactions are considered, and on the whole a good balance of space is maintained. In 
some cases more information would have been welcome, but in the limitations of the 
space available to him the author has been able to put before the reader the important 
lines of research in his field. His attempt to treat the various phenomena from a 
general standpoint is of considerable interest, and will undoubtedly lead to clarifica- 
tion of ideas in this field. The significance of the phenomena in analytical chemistry 
is pointed out in each case. Important technical aspects, such as the oxidation of 
oils, the perishing of rubber, and the combustion of hydrocarbons, are taken into 
consideration. The book gives a very compact and useful survey of the field and 
can be recommended. 

J. R. Partington. 

Die Darsiellung der Metalle im Laboratorium. By H. Funk. Enke’s Bibliothek 
fUr Chemie und Technik unter BerUcksichtigung der Volkswirtschaft, heraus- 
gegeben von L. Vanino, Band 25. 22 x 14 cm. ; viii + 183 pp. Stuttgart: F. Enke, 
1938. Price: unbound, 8.00 RM.; bound, 9.80 RM. 

The object of the present book is to collect in a handy form the modern informa- 
tion on the preparation of the metals in a state of purity on the laboratory scale. 
It is very practical, and the experimental details are sufficient to enable a chemist 
familiar with ordinary laboratory operations to carry out the processes described. 
In research in physics and physical chemistry it is often necessary to have available 
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pure specimens of metals, including those not very well known and not purchasable 
on the market, and the chemist to whom the preparation of these materials is en- 
trusted will be very grateful for such a book as this. Full references to the literature 
are given, and, in addition to the preparative details, the book gives much useful 
information on the properties and uses of the metals. It includes the rarer metals 
such as beryllium, cesium, gallium, germanium, hafnium, indium, the platinum 
metals, thallium, vanadium, etc. The apparatus is described in sufficient detail, 
with dimensions, etc. In addition to its professed purpose, the book may be strongly 
recommended to teachers of inorganic chemistry, since it gives much information 
on the metals that cannot easily be found otherwise. It is a book that should be in 
every chemical and physical laboratory. 

J. R. Partington. 

Gmelins Handbuch der anorganischen Ckemie. 8 Auflage. Herausgegeben von 
der Deutschen Chemischen Gesellschaft. System-Nummer 63: Ruthenium. 
26 X 18 cm. ; pp. xx + vi -h 124, Berlin : Verlag Chemie, 1938. Price : 16.50 RM. 

A wrapper on this part of the Handbuch announces that the treatment of the plati- 
num metals is now in hand and that the volumes of the section of the work dealing 
with the platinum metals will appear very shortly. This is a very welcome state- 
ment, since the information on these important metals has not so far been presented 
in a form that is sufficiently critical to meet modern requirements, and the recent 
important technical developments are still without an adequate review in sufficient 
detail. The present monograph, w'hich is complete in itself, deals with ruthenium. 
The history, occurrence, and extraction of the element are deferred for the forth- 
coming volume on platinum, and the present section deals with the physical and 
chemical properties of the element and its compounds. In all sections an attempt 
is made to differentiate between compounds the existence of which is established 
without doubt and those which are still without adequate characterization. Thus, 
for example, it is stated that the oxides RuO* and RuO^, the chlorides RuCU, RuCh, 
and RuCb, and the carbonyls Ruj(CO )9 and Ru(CO)6 are the only ones definitely 
established, and that the only definite sulfide is RuSa. All the other, doubtful, 
compounds arc fully treated. The Information includes the complex compounds. 
Modern work is fully taken into account. The monograph is an important and 
thoroughly satisfactory contribution to the literature of inorganic chemistry. 

J. R. Partington. 

Gmelins Handbuch der anorganischen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 27: Magnesium. Teil B. 
Lieferung 2. 26 x 18 cm.; pp. 201-330. Berlin: Verlag Chemie, 1938. Price: 
16.76 RM. 

Compounds of magnesium with sulfur, selenium, tellurium, boron, and carbon, 
including oxy salts, fall for treatment in this section. Magnesium sulfate and its 
hydrates come in for very detailed treatment, in seventy-five pages. The section 
on the boride, MgsBs, is of interest in relation to boron hydrides, which are now the 
subject of physicochemical investigation. Magnesium carbonate and the basic 
carbonates, which are of technical and pharmaceutical interest, receive full treat- 
ment. A critical survey of the physical, physicochemical, and chemical properties 
of the substances is very complete and authoritative. This section is a notable 
contribution to chemical literature, and fully maintains the high standard that char- 
acterizes the whole handbook. 


J. R. Partington. 
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Gmeltne Hundhuch der anorganischen Chemie, 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Qesellachaft. System-Nummer 25: Cesium* Lieferung 
1. 26 X 18 cm.; 104 pp. Berlin: Veriag Chemie, 1938. Price: 12.00 RM. 

The present section deals with the occurrence of cesium, the production of its 
compounds from the minerals, and the preparation and properties of cesium metal. 
Cesium occurs in useful amounts in some varieties of beryl, but pollux (pollucite), 
an aluminosilicate of cesium, is still the only rich source. This mineral occurs in 
Elba and in some parts of the United States, and contains about 30 per cent of cesium. 
The metal has now a very considerable technical interest in the production of photo 
cells and radio tubes, and the American deposits of pollucite, it is stated, are now 
being worked. Considerable quantities of cesium compotmds are also produced in 
Russia. It is stated that the import of cesium compounds to the United States is 
probably only from Germany. The physical properties of cesium, which are rather 
fully known, are dealt with in full detail, with tabulation of numerical data and 
spectrum diagrams. The photoelectric properties receive particular attention, 
since these are at the basis of television outfits, and the present section is, therefore, 
in the center of modern interest. The whole presentation is full, critical, and up-to- 
date, and is likely to appeal to wide interests. 

J. R. Partington. 

Omelina Handbuch der anorganiachen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 22: Kalium. Lieferung 
5. 26 X 18 cm.; pp. 933-1074. Berlin: Veriag Chemie, 1938. Price: 19.50 RM. 
The compounds of potassium dealt with in this part are the acid acetate, oxalates, 
tartrates, silicates, and compounds with phosphorus, arsenic, antimony, and bis- 
muth, including oxy salts. The compounds thus include a number of salts and 
double salts with organic acids which are of considerable technical interest. The 
treatment is based, whenever possible, on modern physicochemical foundations. 
Many good phase-rule diagrams are given. In this way much of the confusion in 
the literature, e.g., that concerning the oxy salts of antimony and bismuth, is cleared 
up. Technical progress is adequately described and very full accounts of physical 
and chemical properties are provided. The treatment is critical, and attention is 
frequently drawn to outstanding difficulties, such, for example, as the discrepancy 
between the crystallographic results and well-established physicochemical conclu- 
sions relating to the ion BFr in KBF4. In the section on hypophosphates the recent 
work establishing the formula H4 PjO« for the acid is mentioned only, with a reference 
to the volume on phosphorus, and alternative formulas for the salts are still given. 

J. R. Partington. 

Outlines of Biochemistry. By Ross Aiken Gortner. Second revised edition. 

23 X 15 cm.; xx ~ 1017 pp. New York: John Wiley and Sons, Inc., 1938. Price: 

S6.00. 

Since the publication of the first edition of the Outlines of Biochemistry nine years 
ago, old fields of biochemistry have greatly expanded and new fields have been opened 
up. The author has brought into the new edition so much of this work that it has 
been necessary to enlarge the book by more than two hundred pages. The one 
thousand seventeen pages have been kept in one volume, a very desirable feature. 
Three chapters liave been added and many of the topics have been largely rewritten. 
A total of more than twelve hundred new references, dated since 1929, has 
been included; the number of figures has been increased from one hundred 
thirty-three to one hundred sixty-five and the tables from sixty-seven to eighty-six. 
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The new book is divided into the same general parts found in the first edition: 
I, the colloid state of matter, 348 pages; II, proteins, 226 pages; III, carbohydrates, 
138 pages; IV, lignin and the tannins, 17 pages; V, plant and animal pigments, 35 
pages; VI, the lipids and essential oils, 66 pages; VII, the biocatalysts, 122 pages. 

The three new chapters are: V, oxidation'-red action, written by H. B. Bull; 
XXXI, the flavins; and XXXVI, the hormones, written with the cooperation of L. S. 
Palmer. Oxidation-reduction is given the usual treatment for chemistry students, 
with little attempt at biological application. The relation of the flavins to vitamins 
and enzymes is discussed in five pages. Chapter 36 gives a good brief review of both 
plant and animal hormones. 

Among additions to the colloid section are Svedberg^s molecular weight studies, 
much new electrokinetic data, surface film work, and new terms like thixotropy and 
coacervation. 

The protein section is greatly changed with the zwitter-ion treatment of amino 
acids, the new amino acids and their value in nutrition, new studies on protein struc- 
ture, intermediates of amino acid metabolism, etc. 

The newer formulas and proposed structures of carbohydrates are included in 
section III. The discussion of lignin is entirely new. 

The chief addition to the lipid section is extensive new data on synthetic glyc- 
erides, fatty acid structures and nutrition, and antioxidants. 

The completely rewritten chapter on vitamins is one of the best. The discussion 
of the chemical nature of the enzymes greatly enlarges that chapter. 

To avoid undue length the author has limited the more strictly physiological 
subjects like photosynthesis, respiration, permeability, etc. 

In certain fields, such as resistance of plants to drought and cold, the author may 
sometimes give wrong impressions by limiting his discussions to purely biochemical 
studies. Physiologists are generally in agreement that resistance to drought and 
cold is dependent on so many factors, including structure, that no one measurable 
characteristic is likely to be proved “all important. “ 

This edition is a distinct improvement over the first and should be even more 
widely used than that very popular volume. 

Gboboe O. Bubb. 

Chemische SpektralancUyse, By W. Seith and K, Ruthabdt. 20 x 14 cm. ; vi -f 103 

pp. Berlin: Julius Springer, 1038. Price: 7.60 RM. 

This is the best textbook on practical spectrochemical analysis that has yet 
appeared in the German language. Arranged in a series of twenty-two practical 
lessons or exercises, the various sections follow each other in easy and logical pro- 
gression. The necessary apparatus, test pieces, and reference books required are 
listed at the commencement of each lesson. The instructions are concise, complete, 
and clear, and particulars of some representative modern methods are included. 
Absorption spectrophotometry is dismissed in one short lesson, but qualitative and 
quantitative spectrochemical analysis, both visual and photographic, are adequately 
dealt with in so far as they are practised in the author’s country. Some use is made 
of the nomenclature and of the energy level diagrams of modern atomic spectrum 
theory, but the space devoted to this is necessarily very restricted. 

The book suffers from one grave defect, — it ignores with a completeness unique in 
publications on this subject all information that cannot be referred to German 
sources; otherwise it might have been the best introductory textbook on the subject 
that has yet appeared in any language. 


F. Twyman. 
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Chemical Reactions Involving Solids. A General Discussion held by the Faraday 

Society. 25 x 16 cm. ; 266 pp, London : Gurney and JacksoUi 1938. Price : 128. 6d. 

The thirty-five papers included in this discussion cover many aspects of the sub- 
ject of reactions involving solids. These have been satisfactorily grouped into five 
sections. The first part (la) deals with physical aspects of the subject and includes 
summaries of the present state of knowledge regarding electron levels in crystals. 
This is followed (part Ib) by a series of eight papers on the mechanism of the trans- 
port of atoms and ions through solids. Part II of the discussion is treated under 
three headings: (I) ** Photochemical Processes/’ which includes photoprocesses 
in solid solution in relation to the production of Farhzentren and many interesting 
papers and discussions on the nature of sensitization of solids, especially in relation 
to photographic processes, (f) “Thermal Reaction and Detonation in Solids,” 
which deals with the kinetics of decomposition and dehydration reactions, and the 
processes giving rise to detonation and explosion. (5) The last part of the discussion 
(II) is confined entirely to papers on the reactivity of solid carbon, and bears little 
relation to the foregoing parts. This includes some nine papers on inter-layer lattice 
compounds, the graphitic salts, and the kinetics and mechanism of carbon oxidation. 

The papers provide an excellent survey of many of the aspects of the chemistry of 
solids. This volume should be in the hands of everyone interested in the solid state. 

C. E. H. Bawn. 

Reaction Kinetics. A General Discussion held by the Faraday Society ^ September ^ 1937. 

25 X 16 cm.; 268 pp. London and Edinburgh: Gurney and Jackson, 1938. Price: 

12s. 6d. 

This book serves the dual purpose of marking the present stage of progress in the 
theoretical and experimental fields in reaction kinetics and of pointing out the ways 
in which this may well advance. The subject, by the very fact that the various 
aspects are presented by enthusiasts in their own work, is given an atmosphere that 
can rarely be captured in textbooks. Reading the reports and the discussion one can 
sense the living nature of the material, and from this point of view alone the book is 
admirable for its inspiration. But not in this alone lies the excellence of this book; 
it also provides clear surveys of the present state of experiment and theory. In 
the section on theories of activation energy and reaction velocity the underlying 
principles for the construction of potential energy surfaces for reacting systems are 
discussed, and the more empirical methods which have been used to obtain an under- 
standing of chemical inertia are described in some detail. The reviews and dis- 
cussions of the collision theory and the transition state method of treating reaction 
kinetics are of particular value and interest. The essential differences in approach, 
the interrelationship of the two theories, and their strengths and weaknesses as 
theoretical tools are very clearly emphasized. 

The later sections contain subjects which appear at first sight to be widely diver- 
gent, such as the kinetics of diene synthesis, the influence of hydrostatic pressure 
on reaction velocity, linear free energy relations in rate and equilibrium phenomena, 
and proton transfer reactions; however, all these subjects either fall into place in a 
general scheme in the light of the earlier sections of the discussion or present prob- 
lems for future research. 

The influence of various groups and different structures on the velocity of reaction 
of series of organic compotmds has long been a study of great interest to organic 
chemists, and reviews are presented in which these questions are discussed. For 
example, when substituents are introduced into benzene derivatives the change in 
the velocity of reaction of these compounds is found to be due for the most part to 
changes in the activation energy. Changes in the velocity constants of a series of 
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chemical reactions are often found to be related to changes in the equilibrium con- 
stants of the same or of a very similar series of reactions. This indicates a very 
important approach to the understanding of the factors i^uencing the reactivity of 
organic compounds. In the field of negative ion reactions it has been possible to 
trace a relationship between the mechanism on the one hand and the chemical struc- 
ture of the reactants and the physical conditions of reaction on the other. In both 
these fields it is just beginning to be possible to connect these relationships with the 
factors influencing chemical inertia. 

The reviewer feels that in this book not only have certain aspects of the reaction 
velocity problem been clarified, but also a great stimulus has l^en given to further 
work in this field. 

M. G. Evans. 

An Introduction to Industrial Rheology. By G. W. Scott Blair. 12 x 19 cm.; 

xiii and 143 pp. London: J. & A. Churchill, 1938. Price: 7s. 6d. 

As the author points out, a great number and variety of materials of technical 
importance flow in certain conditions of temperature, stress, or moisture content. 
In many cases, however, the flow is not of the simple type called “Newtonian" by 
the rheologists, in which the smallest stress causes irrecoverable deformation and 
the stress is directly proportional to the velocity gradient. The deviations from 
this type are numerous: flow may not begin at all until a certain stress — the “yield 
value" — has been exceeded; the stress may not be in linear ratio to the velocity 
gradient but may be a function of it, and combinations of these two types are fre- 
quent. The systems may, though apparently limpid liquids, possess measurable 
rigidity, while a combination of high rigidity and viscosity determines the behavior 
of, e.g., flour dough, the successful mathematical formulation of which is due to the 
author and Schofield. 

The ways in which these anomalies manifest themselves when “apparent viscosi- 
ties” are measured by the methods applicable to normal liquids, the formulae pro- 
posed by a number of investigators for anomalous flow and the special types of 
apparatus suitable for measuring it, are set forth by the author concisely, clearly, 
and without excessive mathematical apparatus. Workers having to control the 
properties of materials as divergent as paints, tooth pastes, flour doughs, or clays 
will find full guidance in these chapters. 

The two types of viscous behavior depending on the immediate previous history — 
thixotropy and dilatancy — are discussed and are shown to be of technical interest. 
The last three of the twelve chapters present flow in aspects unfamiliar to the chemi- 
cal reader, and give a summary of the achievements and promise of rheology. 

The book certainly fills a gap in the literature of physics. It should find its way 
into any laboratory which boasts of Ostwald or Redwood viscometers, as well as 
many others. 

E. Hatschsk. 

Die analytische Verwendungen von o-Dzychinolin i**Oxin**) und seiner Derivate. 

By R. Bbbo. 24 X 16 cm.; xi + 114 pp. Stuttgart: Ferdinand Enke, 1938, Price: 

unbound, 11 RM.; bound, 12.40 RM. 

This monograph maintains the high standard of the series on chemical analysis 
edited by Professor W. Bottger. It is an extension of Professor Berg’s 1936 publica- 
tion, and the necessity for revision after such a short interval is evidence of the mani- 
fold uses to which “oxine” is still being put, although it is twelve years since it was 
first systematically applied to analysis. 

A valuable feature of the work is the author’s fuller details (many hitherto un- 
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publii^ed) for a number of the methods; these will be welcomed by analysts who 
have had difElculty with some of the procedures. Microchemioal applications, both 
qualitative and quantitative, have been extended, and both these and macro methods 
have been adapted to a wide variety of technical processes. The colorimetric meth- 
ods are of interest, but their utility is often restricted by their lack of specificity. 

Thirty-one metals now come under the sway of “oxine,” and the different condi- 
tions of precipitation lead to many useful separations which are clearly set out. In 
some cases, however, e.g., that of lanthanum and niobium (columbium), the metals 
cannot be separated from their congeners, and the methods are of limited value. 

A minor, but annoying, defect is the carelessness in the spelling of names: Pregel 
for Pregl (page 33), Nieszner for Niessner (page 28), and even (page 3) Berd for Berg! 
The index rectifies these errors but adds others. Also, on page 2 the Journal of the 
American Chemical Society is given instead of the English Journal of the Chemical 
Sodeiyt and on page 51 the converse error occurs. 

A. D. Mitchell. 

The Oxidation States of the Elements and their Potentials in Aqueous Solutions, By 

W. M. Latimer. 352 pp. New York: Prentice Hall, Inc., 1938. Price: $3.00. 

This book gives more than the title indicates. As stated by the author, the pri- 
mary object of the work is to gather together the large mass of free-energy data 
which is scattered throughout the literature and to present it in a simple form as an 
aid in the interpretation of inorganic chemistry. Moreover, solubility products 
and the dissociation constants of many acids, bases, and complex ions have been 
included. In calculating many n'^w free energies from reaction heats Professor 
Latimer has drawn largely upon his own experimental work on the entropies of solids 
and aqueous ions. The author has succeeded well in the task that he set himself 
and has presented us with an authoritative text, which satisfies a long-felt need in 
physical, inorganic, and analytical chemistry. Anyone interested in the states of 
oxidation of elements will find the wealth of information to be obtained from this 
text invaluable. 

The first chapter is introductory and deals with units, conventions, etc. Unfor- 
tunately, the expression of the activity as given on page 2 (ninth line) is not very 
exact. The second chapter is of a general theoretical nature and discusses briefly 
the relation between oxidation potentials on the one hand and ionization potentials, 
electron affinities, hydration energies, and lattice energies on the other. This 
chapter might be enlarged with advantage; reference could have been made to R. W. 
Gurney’s book Ions in Solution, Although it is specified in the title of the book 
that only potentials in aqueous solutions are considered, the solvent effect might 
have been discussed in the second chapter* 

The remaining nineteen chapters deal with an exhaustive treatment of the states 
of oxidation of the various elements. On page 29 reference might have been made to 
He 3 rrovsk^’s theory of the overpotential of hydrogen and deuterium. Especially 
in the chapter on carbon, results obtained with the dropping mercury electrode could 
have been referred to with advantage. The book is remarkably free from misprints; 
on page 189 the reviewer noticed that Thiel’s name was misspelled several times. 
The summaries of oxidation potentials, free energies of formation, equilibrium 
constants, activity coefficients, and entropy values in the appendices are valuable. 

This book, undoubtedly, will receive the recognition and wide circulation that 
it deserves. 


1. M. Kolthoff. 
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The Physical Properties of Colloidal Solutions, By E. F, Burton. 23 x 16 cm.; 
viii + 235 pp. London: Longmans, Green and Co., 1938. Price: 15s. Od. net. 
The new edition of this well-known textbook has been very largely rewritten and 
much new material introduced. As in previous editions the historical method of 
approach has been employed to great advantage, and numerous verbatim extracts 
from papers of historical importance have been most skillfully introduced into 
the text. 

The treatment of the Brownian movement, particle distribution, and fluctuations 
is much more complete than is usually found in a textbook of this type, while the 
chapter summarizing the various available methods for the determination of 
Avogadro’s number, emphasizing, in a quotation from W. Ostwald, that the con- 
cordance of the results provides one of the strongest proofs of the objective reality 
of the atomic hypothesis, is specially interesting. While one feels at times that the 
author’s own conclusions are sometimes given undue emphasis—the * ‘conspiracy of 
opposition^’ (page 100) is perhaps not entirely wanton — the attitude adopted is 
certainly preferable to any colorless attempt at complete impartiality. 

The chapter on olectrokinetic phenomena, and to a less extent that on coagulation, 
have an “old-fashioned” flavor, and are, in the reviewer’s opinion, not of the same 
standard as the earlier parts of the book. The transport method of electrophoretic 
investigation is ignored, as also arc important investigations into the theory of the 
moving boundary method. The frequently observed unequal motion of the two 
boundaries is provisionally attributed to “settling” and is said (page 175) to be 
immaterial provided the mean is taken; in fact the Kohlrausch-Weber theory shows 
that it is an intrinsic phenomenon and that the mean is not the correct value. The 
difficulties arising from inhomogeneity of the potential gradient are dismissed too 
summarily. Figure 33 (c) is misleading, as the flow distribution drawn is not that 
given by equation 31, and no mention is made of the fact that, with a cell of the 
dimensions shown in figure 33 (a), this equation would itself be many per cent in 
error. 

While numerous similar points of criticism can be found, the fact remains that the 
book is stimulating and informative; it is a book to read. 

D. C. Henry. 

International Annual Tables of Constants and NunierUal Data. Vol. XI, Part I 
(1931-34) and additional separate monographs of V ol umes X I and XII. Published 
under the auspices of the International Council of Scientific Unions and of the 
International Union of Chemistry. Paris, France: Hermann et Cie. Price: 
Vol. XI, Part I, 290 francs. 

Volume XI, Part I, of these annual tables contains twenty-five sections covering 
the following subjects for the years 1931-34: 1. General Indications. 2. Universal 
Constants. 3. Elasticity, Compressibility. 4. Thermal Expansion. 5. Density. 
6. Viscosity. 7. Surface Tension. 8. Heat Conductivity. 9. Specific Heat. 10. 
Free Energy, Heat Content, Entropy. 11. Activity. 12 Thermochemistry, Calori- 
metry. 13. Vapor Pressure, Boiling Temperatures. 14. Gas Laws. 15. Acoustics. 
16. Diffusion, Osmosis. 17. Volta Effect, Triboelectricity. 18. Thermoelectricity. 
19. Piezoelectricity. 20. Metallic Electrical Conductivity. 21. Supraconductivity. 
22. Dielectric Constants, Dipole Moments. 23. Paramagnetism, Diamagnetism. 
24. Ferromagnetism. 25. Hall Effect. Section 26, Raman Effect, and section 26, 
Rotatory Power, appeared as separate monographs. 

Volume XII, Part I, covering all of these subjects for the years 1935-36 will appear 
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shortly. Part 2 of Volume XI and Part 2 of Volume XII will be amalgamated in one 
edition covering the six-year period. This will also be true of Part 8. 

The following monographs from Parts 2 and 3 of the combined volumes have 
appeared: 31. Molecular Spectra,— -Part I, Diatomic Molecules; Part 2 , Tri- and 
Poly-atomic Molecules. Faraday Effect. 89. Magnetic Birefringence. 40. 
Electrical Birefringence. 41. Photoelectricity. 00. Electromotive Forces. 70. 
Combustion of Gases. A monograph on deuterium, which will be welcomed by work- 
ers in the field, has also been issued. 

The International Council is to be commended for making sections of the bound 
volumes available in the form of monographs so that specialists may obtain them 
without having to buy the bound volumes. 

L. H. Rbtsbson. 



A STUDY OF THE HYDROGEN-BROMINE REACTION UNDER 
THE INFLUENCE OF ALPHA PARTICLES FROM RADONi 

EARL F. OGG« 

Department of Chemietry, University of Minnesota, Minneapolis, Minnesota 
Received July i9, 19S8 

The thermal rate of formation of hydrogen bromide from its elements 
was first accurately studied by Bodenstein an'd Lind in 1906 (1). They 
found that the rate of reaction could be expressed by the following equa- 
tion, 




dt 


m -f- 


(2HBr) 

(BrO 


m being a constant independent of temperature and having a numerical 
value of 5. , 

The interpretation of this reaction was arrived at independently by 
Christiansen (3), Polanyi (9), and Herzfeld (4). The mechanism may be 
designated in the following steps: 


Br* ^ 2Br 

(1) 

Br -h H* ;=± HBr + H 

(2) 

n + HBr -1- Br 

(3) 

H + HBr ^ H* -b Br 

(4) 


The photochemical combination of hydrogen and bromine was studied 
by Bodenstein and Ltitkemeyer (2), who found that the reaction pro- 
ceeded according to the following equation: 


d(HBr) 

dt 


iO(Br,) 


^ This article is based upon a thesis submitted by Earl F. Ogg to the Faculty of the 
Graduate School of the University of Minnesota in partial fulfillment of the require* 
xnents for the degree of Doctor of Philosophy, September, 1930. 

* Present address: Sheffield, Alabama. 
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This is quite siinilax to the one expressing the rate of thermal combination. 
In this instance, however, the bromine atoms are produced in larger 
numbers, not only thermally, but by the reaction 

Br» + = 2Br 

This is then followed by the same series of thermal reactions as before. 
The range of temperature in which they worked was 160® to 218®C. 

The only previous work with radioactive agents was done by Lind (5) 
in 1611. He found that the beta and gamma radiation that he could 
command had practically no power to cause hydrogen and bromine to 
combine, but that measurable reaction occurred under alpha-particle 
radiation. At room temperature and with stoichiometric proportions of 
hydrogen and bromine, a yield of 0.54 molecule of hydrogen bromide per 
ion pair was obtained. 

It was thought possible that bromine possessed an affinity for electrons; 
if so it would be able, imder alpha-particle radiation, to form both positive 
and negative ions, which upon neutralization would give hydrogen 


bromide according to the following scheme: 

Brj -|- a —* Brf -f- © (1) 

Brt + Hj (Br*H 2 )+ (2) 

Br* + © -* Brj- (3) 

Br2“ -}- H 2 — » (Br2H2)“ (4) 

(Br 2 H 2 )+ + (Br 2 H*)- 4HBr (5) 


A series of reactions of this kind would lead to a maximum of four mole- 
cules formed per ion pair, which is twice the number in the simplest 
stoichiometric mixture (7). It was thought that even though an M/N 
yield of 0.54 was obtained at room temperature, possibly at some higher 
temperature the yield would approach 4, thus lending support to the 
clustering mechanism. 


EXPERIMENTAL FROCEDXTRE 

The bromine employed for these experiments was Baker’s c.p. analysed. 
It was distilled twice over potassium bromide in order to remove any 
chlorine which might be present. The hydrogen used was formed by 
electrolysis of a 40 per cent potassium hydroxide solution, electrolyzed 
between nickel electrodes. The gas so produced was led through a 
heated tube containing palladium asbestos for the conversion of any 
oxygen present to water vapor. Any moisture so formed was then re- 
moved by passage through concentrated sulfuric add. Excessive drying 
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was considered unnecessary, since Lind (1) found that the speed of the 
thermal reaction was not influenced by the presence of water vapor. 

The glass bulbs in which the reactions were carried out were of approx- 
imately 40 cc. capacity. They were provided with capillary tubing on 
each end, the thick wall of which was drawn down so as to facilitate their 
sealing off with a torch. The calculated quantity of pure bromine to 
furnish 0.6 atm. in the bulb was weighed out in a small thin-walled glass 
capsule, which was subsequently sealed. The capsule, together with the 
radon capsule, was then placed in the glass bulb, and the latter was sealed 
onto the hydrogen filling apparatus at A, as shown in figure 1. Hydrogen 



Pig. 1. Diagram of the apparatus. D, sulfuric acid drying tube; E, heated tube 
for palladium asbestos; F, pressure column for oxygen exit; G, sulfuric acid outlet 
for hydrogen; H, hydrogen generator; I, soda-lime tube to vacuum. 

was passed through the bulb for 15 to 20 min., after which the capillary 
was sealed off at B. The bulb was then evacuated three or four times 
with a water pump and permitted to refill each time with hydrogen. 
Finally the pressure was adjusted to 0.5 atm., as indicated by the height 
of the mercuiy column C, and the bulb was sealed off at A. Upon shaking 
the bulb vigorously, the thin-walled capsules of bromine and radon were 
shattered, after which the mixture could be placed in an oven at the de- 
sired temperature. A blank thermal run accompanied each radon run 
(except in the experiment at the lowest temperature of 40®C., at which 
temperature the thermal combination would be negligible). In this way 
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the amount of reaction due to temperatiire alone could be compared to 
the total reaction brou^t about by alpha particles plus thermal reaction. 

The experiments performed at temperatures below 200"C. were carried 
out in a BYeas electric oven, which held the temperatiure to within 2®C. 
Those performed above 200‘’C. were carried out in a small alumuuun oven 
specially constructed for the purpose. Its temperature was controlled 
by means of a bimetallic contact. 

When the duration of an experiment was relatively long, using tempera- 
tures up to 200‘’C., the bulbs were placed in the oven immediately upon 
breaking the radon capsule. In calculating the amoimt of ionization over 
a long period very little error would result in assuming that radioactive 
equilibrium was established immediately between radon and its decay 
products. In the case of the shorter runs, however, immediately after 
shattering the capsules the bulb was immersed in a salt-ice mixture for 
4 hr. at a temperature of — 10“ to — 16“C. This served to freeze out the 
bromine while permitting the radon to come into equilibrium, without 
appreciable reaction taking place. At the end of the 4-hr. period the 
bulb was placed in the oven at the temperature of the experiment. 

At the end of the desired time the bulb was quickly cooled. The capil- 
lary tip was broken off imder a 5 per cent potassium iodide solution. The 
excess bromine liberated an equivalent amount of iodine as the solution 
ascended into the bulb. After thorough rinsing of the bulb with distilled 
water, the liberated iodine was titrated with an approximately iV/50 
sodium thiosulfate solution, starch being used as an indicator. After the 
disappearance of the color in the starch, the solution was boiled vigorously 
for 2 to 3 min. It was cooled under a soda-lime tower to protect it from 
carbon dioxide of the air, after which the hydrogen bromide in solution was 
titrated with approximately A^/60 barium hydroxide solution, using phe- 
nolphthalein as an indicator. 

In standardizing the solutions the sodium thiosulfate was first checked 
against the pure bromine. This was accomplished by permitting an 
accurately weighed quantity of bromine to react with an excess of potas- 
sium iodide solution. The iodine liberated was titrated with the thio- 
sulfate. The barium hydroxide was then checked against the pure 
bromine as follows: A small weighed quantity of bromine was caused to 
react to completion with hydrogen in a glass bulb at about 460“C, The 
hydrogen bromide so produced was titrated with the barium hydroxide 
solution. In this way both solutions relate back to the original bromine 
used. 

In studying the effect of alpha particles upon the decomposition of hy- 
drogen bromide, the technique employed was somewhat similar to that 
previously described for the synthesis. Stoichiometric quantities of 
bromine and hydrogen were placed in a bulb, together with radon in a 
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capsule. The bromine and hydrogen were brought to complete reaction 
by raising to a temperature of 450°C. Upon cooling the radon capsule 
was shattered; thus permitting the radon to act upon the pure hydrogen 
bromide at room temperature for as long a time as was desired. 

EXPERIMENTAL, RESULTS 

The results of the experiments on the synthesis of hydrogen bromide 
are shown in tables 1 and 2. Table 2 shows the result of hydrogen bromide 

TABLE 1 


Effect of alpha particles upon the synthesis of hydrogen bromide 
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TABLE 2 


Synthesis of hydrogen bromide 


BADON * 

TIMB 

RADON 

CONSUMBD 

ION PAIRS 

X 10» 

MOLXCULBS 

OF 

HBr X 10* 

M/N 

PBR CBNT 
RBACnON 

(if/WVBn) 

mittiewrisa 

56.7 

hoiura 

145 

miUieuriea 

37.6 

0.595 

0.718 

1.21 

8.8 

7.41 

23.3 

204 

18.3 

0.289 

0.493 

1.70 

5.6 

7.28 


synthesis at 36®C. in two cases where widely different quantities of radon 
were permitted to decompose. At this temperature the thermal forma- 
tion is nil, thus permitting the direct effect of the alpha particles to be 
noted. In the last column of table 2, y/Rn indicates radon decomposed. 
Since these values, when multiplied by the M/N yields, give results 
which are in fairly close agreement, one is led to believe that the M/N 
yields are proportional to the square root of the radon decomposed. 
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CAIiCTTLATIONB AND RSSDDTB 

In Older to calculate the number of ion pairs, N, produced during the 
course of an experiment, use was made of the average path method of 
lind. The equation employed is as follows: 

JV » 3 X 3.72 X W0-E-2A X 10« p i-f(P/760) 

in which 3 X 3.73 X 10‘® = the number of alpha particles emitted per 
second by 1 curie of radon in equilibrium with radium A and radium C; 
E — the effective radon over the period of the experiment; 2.4 X 10* 
tt the munber of ion pairs produced per centimeter in air at S.T.P.; p 
«= the average path = 0.61 R, where R is the bulb radius; i = the specific 
molecular ionization of the gas mixture (with 0.5 atm. each of hydrogen 
and bromine, a value of 2.07 for i was employed) ; t = the total time of the 
experiment in seconds. In calculating E the following equation was 
employed: 

jp Ea — Et 

where X is the decay constant for radon and equals 0.0075 hr.“‘ 

The temperature coeflicient of the reaction between hydrogen and bro- 
mine has already been discussed in a previous paper (8). 

In table 1 the experiment performed at 40°C. indicates an M/N value 
of 0.54, which agrees with Lind’s value obtained in his first investigation 
of this reaction. 

In studying the M/N yield for the synthesis by alpha particles, it is 
found that in no case does the value exceed even 2. This appears to lead to 
the conclusion that the reaction is not carried on by a clustering mecha- 
nism, as was suggested earlier. The M/N values increase with rising tem- 
I)erature up to approximately 200®C. and then rapidly decrease. At 
275®C. the total amount of reaction in the bulb with radon was prac- 
tically the same as in the purely thermal run. The accompanying curve 
illustrates how the M/N values for ionization vary with temperature. 
At approximately 200®C. the thermal formation of hydrogen bromide 
begins to gain more and more on the ionized formation, until at 275'’C. 
the difference is not noticeable and the M/N by syntheris appears to 
approach zero. In explaining the M/N yields at the lowest and highest 
temperatures we must realize that at 40‘’C. the thermal reaction is negli- 
gible and that we are dealing only with reaction produced by ions. At 
the higher temperature, however, especially at 275°C. and 303‘’C., the 
ions make but a ne^igible contribution and thus practically the only 
rate being measured is the thermal one; that is, the rate of production of 
hydrogen bromide by themud means is so great that its production by 
ionization becomes insignificant. There is no doubt that its production 
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by ions is still effective, but the actual measurement of hydrogen bromide 
formed by the ions is impracticable in the presence of such exceedingly 
large amounts produced thermally. These results would appear to indi- 
cate that the M/N due to ionization does not rise appreciably with in- 
creasing temperature. 

In an attempt to determine the effect of alpha particles upon the de- 
composition of hydrogen bromide in the gas phase, two experiments were 
performed as detailed in table 3, at a room temperature of approximately 
30®C. As is noted in column 6, a relatively high rate of decomposition 
resulted. Lind (5), working with the decomposition of hydrogen bromide 



Fig. 2. Variation with temi^erature of the M/N values for ionization 

TABLE 3 


Effect of alpha particles upon the decomposition of hydrogen bromide in the gas phase 


pumATxoN or 

EXPSBXMBNT 

XinriALRADOK 

BAOON 

CONSUMED 

MOLECULES OP 

HBr 

DECOMPOSED 

X 10*« 

ION PAIHS 

X 10*» 

-M/N 

Aourf 

miUieuries 

millieuriet 




48 

71.60 

21.60 

2.10 

0.76 

2,76 

120 

66.33 

39.36 

3.06 

0.95 

3.15 


in the liquid phase, found a value of —2.6 for the M/N ratio. While 
the values obtained for the gas phase are somewhat higher, they are still 
of the same order of magnitude, there being no reason why the values 
should be greatly different in the two cases. 

As may be seen, the foregoing results indicate one great difference be- 
tween the hydrogen-bromine reaction under alpha-particle radiation and 
the reaction brought about by thermal means. In the latter case, the 
reverse reaction 2HBr Ha + Bra is negligible, since within the possible 
temperature range of the investigations the equilibrium lies entirely on 
the side of hydrogen bromide. Similarly with the photochemical reac- 
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tion, hydrogen bromide is transparent to wave lengths absorbed by bro- 
mine^ so that the photochemical decomposition does not come into account. 
However, in the case of the alpha particle effect upon hydrogen bromide, 
we have ionisation of the gas taking place readily and, as the results of 
table 3 indicate, considerable decomposition takes place. Since the 
speed of decomposition is so great per ion pair compared with the syn- 
thesis, reverse reaction becomes sufficiently prominent to submerge the 
purely inhibitive effect of hydrogen bromide on the hydrogen atom. The 
small observed temperature coefficient may be explained by taking into 
account the high rate of ionic decomposition of the hydrogen bromide. 
This so lowers the effective rate of the forward reaction that it appears to 
have a much smaller temperature coefficient than the photochemical 
synthesis over the same temperature range, since the photochemical back 
reaction is not effective. 

SUMMARY 

The temperature coefficient of the hydrogen bromide reaction (synthe- 
sis) by alpha particles has been studied between 40® and 192®C. The 
average value obtained per 10®C. interval was 1.07. As the temperature 
rises the temperature coefficient value keeps decreasing, owing to the in- 
creasing decomposition of the hydrogen bromide formed thermally. 

Owing to the fact that the MfN values were not found to exceed 2, it 
was concluded that the purely ionic reaction did not proceed by the clus- 
tering mechanism postulated earlier. 

The Af/iV value for the decomposition of hydrogen bromide by alpha 
particles was foimd to be rather high compared to the Af /iST Value for the 
synthesis, a value of approximately 3 being found. 

Evidence was found to indicate that the MIN yields obtained at room 
temperature are proportional to the square root of the total radon de- 
composed. 

The author desires to express his sincere appreciation to Dr. S. C. Lind, 
under whose direction this work was imdertaken, and also to Dr. R. S. 
Livingston, who kindly assisted in the calculation and interpretation of cer- 
tain of the data. 

REFERENCES 

(1) Bodbnstein and Lind: Z. physik. Chem. 67, 168 (1906). 

(2) Bodbnstsin and LOtkbmbtbr: Z. physik. Chem. 114 , 208 (1025). 

(3) Chbistianbbk: Kgl. Danske Videnskab. Selskab. Math.-fys. Medd. 1, 14 (1919). 

(4) Hbrbfbld: Z. Elektrochem. 26, 310 (1919). 

(5) Lind: Le radium 8, 289-92 (1911). 

(6) Lxkd: Chemical Effects of Alpha Particles and Electrons, revised edition, p. 93. 

The Chemical Catalog Co., Inc., New York (1928). 

(7) Reference 6, p. 144. 

(8) Lind and Oog: Z. physik. Chem., Bodenstein Festband, pp. 801*-6 (1931). 

(9) PoLANTi: Z. Elektrochem. 28 , 49 (1920). 



ACTIVITY COEFFICIENTS OF AMMONIUM CHLORIDE IN 
LIQUID AMMONIA AT 25°C. 

HAROLD W. RITCHEY and HERSCHEL HUNT 
Department of Chemistry, Purdue University, West Lafayette, Indiana 

Received July 29 ^ 19S8 
INTRODUCTION 

The need for absolute values of activities of electrolytes in liquid am- 
monia at 25'’C. has been intensified by the experimental work of recent 
years. Elliott and Yost (2) and Gamer, Green, and Yost (3) have made 
electromotive force measurements which can be used for the calculation 
of free energies when an accurate value of the activity of ammonium 
chloride has been determined. The values of the standard half-cell 
potentials cannot be established until the activity of some electrolyte 
such as ammonium chloride is known. 

Larsen and Hunt (5) have measured the vapor pressure of ammonia 
from various liquid ammonia solutions. The data obtained are useful 
in determining relative activities, but, since the method could not be 
used to determine accurate values of vapor pressure at low concentra- 
tions, accurate absolute values of activity cannot be calculated from them. 
Pleskov and Monosgon (7) have determined the activity coefiicients of 
ammonium chloride and ammonium nitrate in liquid ammonia at — SO^C. 
by measuring the electromotive force of concentration cells. Their re- 
sults were obtained at a temperature much lower than is ordinarily used 
in the investigation of liquid ammonia solutions, and therefore do not 
fill the need for activity coefficients at room temperature. 

This investigation was made in order to determine the activity coeffi- 
cients of ammonium chloride solutions in liquid ammonia at 25®C. The 
experimental difficulties in using a hydrogen electrode at such a high 
pressure caused us to discard the possibility of using the electromotive 
force method. The vapor pressure method seemed to be the most ap- 
plicable, since it can be used at 25“C., and since values of activities ob- 
tained by this method can be directly applied for changing the data of 
Larsen and Hunt (6) to absolute activities. 

EXPERIMBNTAL 

Very few methods can be used for measuring vapor pressure to six 
significant figures. If an absolute method of measuring vapor pressure 

407 
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were used, it would be necessary to make measurements to six significant 
figures in order to obtain the desired accuracy at high dilutions. For 
this reason, an apparatus was designed to measure the difference in vapor 
pressure between pure liquid ammonia and the solution of ammonium 
chloride in liquid ammonia. The apparatus which was used is shown in 
figure 1. It consisted of a tube containing pure ammonia separated from 
a tube containing ammonium chloride solution by means of a U-tube 
manometer filled with mercury. The difference in pressure between the 



Fiq. 1. Apparatus for determining the vapor pressure of dilute solutions in liquid 
ammonia. A, solenoid; B, plunger; C, solution; D, pure ammonia; E, stirrer; F, 
Dewar flask. 

two tubes was found by measuring the difference in height between the 
two mercury levels with a Hilger traveling microscope which could be 
read to 0.001 mm. The two tubes were also separated by a mercury 
valve, which could be opened by activating the solenoid and lifting a g^ass- 
enclosed iron plunger from the mercury. This valve was opened when the 
tubes were filled, and also when the concentration was changed by evapo- 
rating ammonia from one tube to the other. 

Ammonium chloride of analytical reagent quality was further purified 
by recrystallization and measured into a graduated tube, dther by direct 
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weighing or by evaporating a known volume of a standard solution of 
ammonium chloride in water. This latter method was necessary in order 
to obtain accurately the small amount of ammonium chloride used for the 
dilute solutions. A glass-enclosed iron stirrer was inserted, and the tube 
was connected to the apparatus. The apparatus was evacuated and dried 
by gentle baking. Ammonia dried by sodium was distilled into a glass 
container, which was chilled in a dry ice-alcohol bath, and then redistilled 
into the apparatus. •During both the first distillation and the redistilla- 
tion, the apparatus was frequently partially evacuated by pumping with a 
Cenco pump in order to sweep out all traces of hydrogen and any other 
gaseous impurities. When the desired amount of ammonia had been 
condensed into the apparatus, the ammonia was cooled in a dry ice- 
alcohol bath and the apparatus was evacuated with a Cenco pump until 
the pressure fell to about 4 mm. of mercury. The apparatus was then 
sealed off and warmed to room temperature. The solution was stirred 
by the use of a solenoid, and the two ammonia tubes were placed in a 
Dewar flask containing water. The rest of the apparatus was wrapped 
with No. 26 gauge chromel wire spaced at about 1 cm. between turns. 
The whole apparatus was placed in a bath maintained at 25.000®C. zk 
0.003®. The tubes in the Dewar flask were allowed to reach temperature 
equilibrium, which was hastened by stirring the water in the flask. The 
rest of the apparatus was heated slightly above the average bath tem- 
perature by passing a current through the chromel windings. This was 
done to prevent the condensation of ammonia in the apparatus outside 
the Dewar flask. 

Concentrations were changed by opening the mercury valve and dis- 
tilling ammonia from one tube to the other. Readings were obtained at 
one to four different concentrations for each filling. Three separate sets 
of apparatus of varying dimensions were used. The ammonia vapor was 
tested for gaseous impurities each time the apparatus was filled, but no 
impurities were found. 


RESULTS 

After equilibrium was reached, the difference in height between the 
mercury in the two arms of the U-tube was read by the traveling micro- 
scope. Molalities were calculated by using the weight of ammonium 
chloride placed in the tube, the volume of solution which was read from 
the graduations on the tube, and the density of the solution. As suitable 
density measurements were not found in the literature, it was necessary 
to measure the densities of the solutions over the range used in this in- 
vestigation. These measurements were made by a modified pycnometer 
method, and the results are reported in table 1. 

The readings of the differences in pressure between pure ammonia and 
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RoIutioQB of various molalities are reported in table 2 as values of po — Pi 
given in centimeters of mercury. These readings are corrected to 
O^C. and a gravitational acceleration of 980.666. The readings were 
corrected for the shape of the meniscus where such correction was found 
to be rignificant. 

Table 2 shows values of 1 — Oi at various concentrations. These 
values were calculated as follows: 

( 1 ) 

Jo Jo 

where 


tti = activity of solvent, 

/ =* fugacity of solvent in solution of molality m, and 
/o = fugacity of pure solvent. 


TABLE 1 

Derutity of ammonium chloride solutions in liquid ammonia at under pressure 

equal to vapor pressure of the solution 


waujjTt 

DSNSITT OP TBS SOLUTION 

APPABBMT DBMSITT OP AMMONIA 


grama per mUliliter 

grama per milliliter 

0.0 

0.6029 

0.6029 

0.0435 

0.604 

0.603 

0.169 

0,608 

0 . 602 g 

0.770 

0.627 

0.602 


Values of (po — P)/Po were calculated from the measured values of 
ptt — p divided by the value of po = 760.6 measured by Larsen and Hunt (5). 
From Lewis and Randall (6) we find 


^ = 1 _ 
p RT 


( 2 ) 


Values of / at various pressures were calculated by the equation of Larsen 
and Hunt (6), and it was found that a/RT was nearly constant over the 
range of pressure dealt with in our measurements. (Errors due to ne- 
glecting higher terms in equation 2 and neglecting variations in the //p 
ratio amount to about 0.3 per cent.) 

Placing 

1 -^ 

“ = = P 


/ * p(l — JTp) 

/o _ Pod - Ky^) - - Kp) 

So ?>o{l - Kpo) 
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Expanding and factoring, 

/o -/ _ Po - P 1 _ Kijto + v ) 

/o Po 1 — ifpo 1 — Kjh, 

Placing 

1 Kipo + p) _ . 

1 - ifpo 1 - ifpo' 

/o — / _ Po — P ^ 

/o Po 

Evaluating ^4 for different values of pressure, we find, for p = 750.6, 749.6, 
and 740.6 cm., that A = 0.885, 0.885, and 0.885, rc8p)ectively, and can be 
called constant over this range of pressure. This value of A and the 
experimental values of (po — p)/po were used in calculating the values 
of (/o — /)//o which are listed in table 2 as values of 1 — Oi . 

The method of Randall and White (8) was used in calculating activity 
coefficients. Their equation, applied to a uni-univalent type of elec- 
trolyte, using liquid ammonia as the solvent, becomes 

h 

;^^d(\/m) (3) 

where 


, , , 58.71 In ai 

* ° ‘ + 2m 

Values of h and h/y/m calculated from the data are given in table 2, 
and figure 2 shows values of hly/m plotted against values of Vm* The 
value of the integral in equation 3 was found for values of h/y/m taken 
from the curve of figure 2 up to y/m = 1 by measuring the area under 
the curve with a planimeter. The values of obtained in this manner 
up to and including m = 1 are shown in table 3. The value of at 
m = 1 permits the evaluation of the k' given in the table of Larsen and 
Hunt (6), and the values of above m = 1 that are found in table 3 
are calculated from their table of k'y and our value of fc', which was 
found to be 29.1 for ammonium chloride. ^ 

The curve of figure 2 was extrapolated to a calculated value of hfy/m 
for the value of \/m = 0. This calculation was made by use of the 
Gibbs-Duhem equation and the Debye-Hiickel equation. In order to 
calculate this limiting value of A/\/m, it is necessary to evaluate the 
constants in the Debye-Hiickel equation as applied to solutes in liquid 
ammonia. Development of the Debye-Hlickel theory for very dilute 
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solutions as given by Dole (1) imilts in the equation 

Invi “ -(2+0 ^ Jooo^®'** 

TABLE 2 


Date from mea$urementt of vapor prevture of ammonium chloride eolutions in liquid 

ammonia at BS^C. 


UOhAUTT 

v'm 

f>0 - P 

1 — *1 

k 

k 


0.948 

«m. cfHg 

7.43 

0.00877 

0.714 

0.763 

0,717 


6.77 

0.00799 

0.673 

0.800 

0.378 

0.612 

4.03 

0.00476 


1.03 


0.435 

2.74 

0.00323 


1.16 

0.141 

0.376 

2.26 

0.00266 

0.448 

1.20 


0.318 

1.720 

0.00203 

0.411 

1.29 



1.066 

0.00126 


1.60 



0.642 

0.000639 


1.94 



0.213 

0.000252 


2.66 



0.121 

0.000142 


2.53 



Fig. 2. Values of A/Vm plotted against values of \/m. Arrow indicates calcu- 
lated limiting value. data by Larsen (5); Oi data by Ritchey. 


where 2 - and 2 + are the charge on anion and cation, 
c = 4.77 X 10“‘® electrostatic units, 
k = 1.37 X 10~“ ergs per degree, 

T ss degrees Kelvin temperature, 

N *= 6.06 X 10** per mole, 

D = the dielectric constant of ammonia, which was found by Grubb, 
Chittum, and Hunt (4) to be 16.90 at 25'*C., and 
c = concentration in moles per liter. 
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Evaluating constants and changing from concentration to molality 
by the use of 0.603 g. per milliliter for the density of liquid ammonia at 
25® C., for a uni-univalent electrolyte, equation 4 becomes 

in7:fc = — 9.06-\/m (5) 

The Gibbs-Duhem equation states 

dlnai = -:^*dlnas (6) 

Ni 


TABLE 3 

Activity coefficients of ammonium chloride in liquid ammonia solutions of various 

molalities at 25^C, 


MOLALITr 



In 

0.0025 

0.653 

0.050 

-0.4255 

0.0100 1 

0.456 

0.100 

-0.784 

0.0225 

0.341 

0.150 

-1.077 

0.0400 

0,275 

0.200 i 

-1.290 

0.160 

0.139 

0.400 

-1.974 

0.360 

0.0769 

0.600 

-2.562 

0.640 

0.0488 

0.800 

-3.018 

1,00 

0.0344 i 

1.00 i 

-3.365 

1.47 

0.0254 



1.96 

0.0201 



4.00 

0.0111 1 



7,40 

0.00718 1 



10.7 

0.00604 



13.7 

0.00587 



16.3 

0.00608 



18.9 

0.00659 



21.8 

0.00732 



24.4 (saturated) 

0.00822 




At molality m, Ni divided by Ni becomes m/58.71. Setting aa — 7±m*, 
equation 6 becomes 

dlnoi = (2dln7± + 2dlnm) (7) 

00.71 


Differentiating equation 5, 

Substituting this value for d In 7 ± in equation 7 and integrating, 

In « - 2 V 1:2® 

^ ^ 3 ^ 58.71 58.71 


( 8 ) 
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Multipl3ring both sides of the equation by 58.71/2m and grouping terms, 
, , 58.71 In oi 9.06 /- 

1 + v» 

The left-hand side of this equation is A by definition, and therefore 

-4= = 3.02 (9) 

y/m 

The experimental points shown in figure 2 indicate that the value of 
3.02 obtained in ^nation 9 is a reasonable limiting value for the extra- 
polation of h/y/m- This in itself offers a partial confirmation of the 
validity of the Debye-Hlickel theory in liquid ammonia systems. In 
order to test the theory further, values of In 7 ± and y/m up to y/in = 1 
were taken from table 3 and used to plot the curve shown in figure 3. 



Fig. 3. Values of In plotted against m 


The straight line shown in figure 3 gives values of In 7 ± calculated from 
equation 5. At a molality of 0.00225, the calculated value of In 7 is 
in error by 6 per cent. This error increases rapidly with increasing con- 
centration, but the agreement of calculated and actual (extrapolated) 
values is apparently good at concentrations of 0.001 molal and below. 
The fact that the Debye-Htickel theory does not hold for ammonia solu- 
tions to as high concentrations as the theory holds for water is in agree- 
ment with the great difference of dielectric constant between ammonia 
and water. 


CALCULATION OF ELECTRODE POTENTIALS 

Elliott and Yost (2) have measured the potential of the cell in which the 
reaction is 

TKs) + NHJ- + or TICKs) + NH,(1) + 1/2 H,(g, 1 atm.) 
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urang electrodes of thallium amalgam and hydrogen gas. Assuming that 
F = 0 for the reaction 

1/2 H*(g, 1 atm.) + NH,(1) NHi" (a = 1) + e 

as is comparable to the assumption made for aqueous solutions, the molal 
electrode potential for the half-cell 

T1(8) + Cl- (a = 1) -> TICKs) + e 

could be calculated from their measurements and values of activity 
coefficients. However, experimental diflaculties were such that their 
values of potential are uncertain and a better value of potential probably 
can be obtained by calculation from free energies of formation. Gamer, 
Green, and Yost (3) made this calculation, using the following values for 
standard free energies of formation at 25®C.; NH 4 Cl(s) = —47,810 cal., 
TlCl(s) = —44,164 cal., NHsO) = —2620 cal. It is also necessary to 
know the free energy change for the reaction 

NH«CI(s) NH4CI (os = 1) 

TABLE 4 


Standard electrode potentials in liquid ammonia at B6^C. 


BALF-CBIX BXACnON 

C 


90lU 

TKa) + Cl- - TlCKa) -t- e. 

4-0.0371 

Zn(s) + 2C1- -t- 6NH,(1) ZnCl,-6NH,(8) + 2e 

+0.8664 

Cd(8) -1- 2C1- + 6NH,(1) - CdCI,-6NH,(8) + 2e 

+0.6059 


The value obtained for this reaction by Gamer, Green, and Yost (3) 
is inaccurate, because they calculated values of activity coefficients from 
insufficient data. Using values of activity coefficients from table 3 for 
calculation of the free energy change in the preceding reaction. 


Af = -2.3flT'log 
= -1364.5 log 


1 


NH4C1(s) 

1 


= -1364.5 log 


1 


NH4CI (satd. soln.) 
= 1903 cal. 


(24.4 X 0.00822)* 

Adding these values of free energies, for the thallium-thallous chloride 
half-cell, 

AFj(ig.i = — 877 cal. 

Fjm.] =: "1-0.0371 volts 

Gamer, Green, and Yost (3) found Fjm.i = 0.3605 volt for the cell 


Zn(8), ZnClf6NHi(8), NH 4 Cl(ai « 1 in liquid ammonia), CdCli- 6NE[s(s), Cd(8) 



416 


HAROLD W. RITCHRY AND HNRSCHEL HUNT 


Elliott and Yost (2) found EtM.i == 0.8293 volt for the cell 
2hi(s), ZnCls*6NHt(8), NHiCKai 1 in liquid ammonia), T1C1(b}, T1(s) 

Combining the measured values of for these cells with the cal- 
culated value of E»8 .i for the thallium-thallous chloride half-cell gave 
the values for the half-cells reported in table 4. 

SUMAIART 

1. The vapor pressure difference between solutions of ammonium 
chloride in liquid ammonia and pure liquid ammonia has been determined 
for solutions ranging from 0.0051 molal to 0.900 molal. 

2. Activity coefSicients for ammonium chloride in liquid ammonia at 
various molalities have been calculated from the vapor pressure data, 
using the method of Randall and White. 

3. The Debsre-HOckel theory as applied to activity coefficients of 
ammonium chloride in liquid ammonia has been tested and found to 
hold only at very low molalities. 

4. Standard electrode potentials have been calculated from the free 
energies of formation, the potential measurements of Yost and coworkers, 
and our measured values of activity coefficients. 
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The object of this investigation was to correlate the phenomenon of 
solubility with the physical properties of the solute and solvent. Chlo- 
rides, bromides, and iodides of potassimn and sodium were studied in an 
homologous series of aliphatic alcohols. The data in the literature show 
large discrepancies for these solubilities, and data are available only for a 
part of the salts. 

EXPERIHENTAl. 

The method described by Seidell (7) and Reilly (6) for determining 
solubilities, together with their precautions for reliable work, were used 
generaUy. In our determinations saturated solutions were obtained by 
agitation of the salt-alcohol mixture, in a sealed bottle suspended in a 
water thermostat whose temperature was controlled to 25®C. dt 0.02®. 
The saturated solution, after settling, was forced through a sintered-glass 
filter into a density tube or weighing bottle for the analysis. All reagents 
were transferred from one container to another without exposure to the 
atmosphere. The density tubes had a capacity of about 30 ml. They 
were of the capillary stem type and were filled with a platinum tube. The 
analytical equipment was all calibrated against apparatus certified by the 
National Bureau of Standards. The solvent was removed carefully from 
the weighed sample by overhead electrical heating. The warm residue 
was dried completely with a stream of washed dry air. About 100 ml. of 
the solutions which were rich in solute was used for the analysis and about 
1 liter of the other solutions. When the amount of residue became so 
small that its weight could not. be determined gravimetrically with accu- 
racy, the halides were determined by Volhard’s titrimetric method, as 
modified by V. Rothmund and A. Burgstaller (10). 

Methanol was dried by refluxing with sodium or a large excess of 
Drierite (anhydrous calcium sulfate) (4) for several hours before distilling 
off the alcohol. Absolute ethanol (8) was obtained by using barium oxide 
for preliminary dehyxlration and metallic calcium turnings for the removal 

^ PreBented at the Ninety-fifth Meeting of the American Chemical Society, held 
at Dallas, Texas, April, 1938. 
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TABLE 1 


Solubilities of inorganic salts in aliphatic alcohols at B6^C. and densities of the 

saturated solutions 


flOLvamr 

NaCl 

NaBr 

Nal 

SolubU- 

ity* 

Densityt 

BolubU- 

ity 

Density 

Solubil- 

ity 

Density 

Water 

36.06 


93.6 


184.6 


Methanol 

1.401 

0.7977 

17.36 

0.9073 

80.63 

1.2615 

Ethanol 

0.0649 

0.7867 

2.406 

0.8019 

43.320 

1.0466 

l-Propanol . . 

0.0124 

0.8000 

0.4662 

0.8026 

27.66 

0.9699 

1-Butanol 

0.0050 

0.8068 

0.246 

0.8075 

21.60 

0.9397 

2*Propanol 

0.0027 

0,7809 

0.1313 

0.7818 

26.320 

0.9422 

2-Methyl-l -propanol 

0.0020 

0.7980 

0.0951 

0.7986 

17.68 

0.9085 

1-Pentanol 

0.00177 

0.8099 

0.1103 

0.8106 

16.31 

0.9127 

2-Butanol 

0.00047 

0.8022 

0.0341 

0.8025 

15.02 

0.8968 


KCl 

.1 

KBr 

KI 


Solubil- 

ity 

Denaity 

Solubil- 

ity 

Density 

Solubil- 

ity 

Density 

Water 

39.9 


67.75 

i 

148.3 


Methanol 

0.6391 

0.7907 

2.11 

0.8026 

17.04 

0.8982 

Ethanol 

0.0294 

0.7852 

0.1350 

0.7861 

1.88 

0.7977 

1-Propanol 

0.0061 

0.7994 

0.0314 

0.8010 

0.444 

0.8035 

1-Butanol 

0.0030 

1 0.8068 

0.0132 

0.8058 

: 0.201 

0.8071 

2-Propanol 

0.0023 

0.7809 

0.0110 

0.7810 

0.177 

0.7821 

2-Methyl-l-propanol 

0.0020 

0.7980 

0.0076 

0.7980 

0.0955 

0.7986 

1-Pentanol 

0.0022 

0.8096 

j 0.0048 

0.8096 

0.0894 

0.8112 

2-Butanol 

0.00084 

0.8022 

! 0.0044 

0.8022 

0.0582 

0.8026 


* The solubility is given in grams of salt per 100 grams of solvent, 
t The density is given in grams per milliliter. 


TABLE 2 


Physical constants of solvents at S5°C. 


SOLyXNT 

MOUDCV- 

LAR 

WSXOBT 

PABACaOB 

Afyl 

“D-d 

DaKSITT 

SUBFACB 

TBBUOXI 

PIXtJDO- 

TBIC 

CONBTAMT 




gram$ per 

dynes per 





milliliUr 

eentimeter 


Water 

18 

52.7 

0.9977 

72 

78 

Methanol 

32.03 

88.4 

0,7866 

22.18 

30.2 

Ethanol 

46.05 

126.8 

0.7861 

21.85 

24.14 

1 -Propanol 

60.06 

164.4 

0.8001 

23.4 

20.08 

1-Butanol 

74.08 

203.9 

0.8057 

24.2 

16.98 

2-Propanol 

1 60.06 

165.2 

0.7810 

21.3 

18.55 

2-Mcthyl-l-propanol 

1 74.08 

202.0 

0.7979 

22.4 

17.32 

1-Pentanol 

i 88.10 

240.5 

0.8095 

23.75 

13.77 

2-Butanol 

74.08 

200.4 

0.8025 

22.2 

15.77 
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of the last traces of moisture. All of the other alcohols were fractionated 
in a 6-ft, Penn State type of fractionating column (14). The constant- 
boiling fraction was refluxed with calcium, and only the middle fraction 
of the distillate was saved. Calcium forms a blue suspension in the higher 
alcohols during the refluxing process. 

The final criterion of purity of the alcohols was their density. Only 
those liquids were used as solvents whose densities agreed with values 
given in the International Critical Tables to 0.1 or 0.2 mg. per milliliter. 
Our densities are in agreement with those of Brunei, Crenshaw, and 
Tobin (2). We offer a new value for the density of 1-pentanol at 25°C. 
of 0.8095 g. per milliliter, c.p. salte were recrystallized three times and 
dried for a long period of time at 115°C. Saturated solutions were 
obtained, since (1) excess salt was present at the end of several days 
shaking, (^) density values for the same combination checked for different 
determinations, and (S) the saturation point was approached from both 
sides of the equilibrium condition at 25®C. The solubilities of the salts 
and the densities of the saturated solutions are recorded in table 1. It 
should be noted that the very soluble salt, sodium iodide, does not follow 
the same order of solubility in 2-propanol that the less soluble salts do. 

The dielectric constants given in the literature for some of the alcohols 
are unreliable, therefore these constants were determined. The heterodyne 
beat method with a frequency of about three thousand cycles per second 
was used. Our value for the dielectric constant of ethanol checks that 
obtained by Wyman (15), namely, 24.28. Table 2 contains the dielectric 
constant data as well as the parachors of the solvents. 

DISCUSSION OF RESULTS 

The phenomenon of solubility is a function of the attractive forces 
between the ions and molecules in the solution. Figure 1 shows the rela- 
tionship between the solubility of the salt and the parachor of the solvent. 
The normal alcohols give a smooth curv^e, which may be extrapolated to 
the parachor of water. The extrapolated value is slightly higher than the 
actual solubility of the salt in water. The dotted lines show the solubility 
of a very soluble salt, sodium iodide, and a sparingly soluble salt, potassium 
chloride, in 2-propanol, 2-butanol, and 2-methyl-l-propanol. The other 
salts in these three alcohols give similar curves with respect to the curve 
for the normal alcohols. Sugden’s parachor (9) is defined by the ex- 
pression, 

P = My^'*/{D - d) 

where M is the molecular weight of the liquid, D its density, y its surface 
tension, and d is the density of the vapor, all measured at the same tem- 
perature. This ph]^cal property of the solvent does not give a marked 




Fio. 1. The relationship between solvent power and parachor of solvent. Plot 
of parachor against logarithm of solubility expressed in moles of solute per mole of 
solvent, a, water; b, methanol; c, ethanol; d, 1-propanol; e, 2-propanol; f, 2-bu- 
tanol; g, 2-methyl-l-propanol; h, 1-butanol. 



Fro. 2. The relationship between solvent power and dielectric constant of solvent. 
Plot of dielectric constant against logarithm of solubility expressed in moles of 
solute per mole of solvent, a, 1-pentanol; b, 2-butanol; c, 1-butanol; d, 2-methyl- 
l«propanol; e, 2-propanol; f, 1-propanol; g, ethanol; h, methanol. 
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distinction between isomers, and therefore cannot give us a quantitative 
relationship between solvent power and molecular forces. 

Figure 2 shows the relationship between solubility and the dielectric 
constants of the alcohols. The data for the normal alcohols give a smooth 
curve, but on extrapolating it to the dielectric constant of water the correct 
solubility value is not obtained. Plotting the parachors of the alcohols 
against the logarithms of their dielectric constants gives a straight line, 
which will extrapolate to give a value for the dielectric constant of water 



MOLECULAR VOLUME 

Fig. 3. The relationship between solvent power and molecular volume of solute 
Plot of molecular volume of solute against logarithm of solubility expressed in moles 
of solute per mole of solvent, a, sodium chloride; b, sodium bromide; c, potassium 
chloride; d, [sodium iodide; e, potassium bromide; f, potassium iodide. Curves I, 
methanol; curves II, 1-butanol; curves III, 2-butanol. 

only one-half its commonly accepted value. If one uses this smaller value 
of the dielectric constant, then the solubilities of the salts in water will fit 
on the curves of figure 2. The dotted lines indicate the same relationship 
for the secondary and iso alcohols. Walden (12) made the statement 
that the linear solubility of a given salt in different solvents is proportional 
to the dielectric constant of the solvent. Such is the case for the normal 
alcohols but not for their iso or secondary isomers. Fredenhagen (2) 
has already shown that solvent power and dielectric constant do not run 
parallel. 

Figure 3 gives the relationship between the solubility in methanol, 
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1-butanol, and 2-butanol and the molecular volumes of the solutes. Those 
for the other alcohols have been omitted for the sake of clarity but are 
similar in nature; the values for ethanol and 1-propanol are intermediate 
between those for methanol and 1-butanol. In like manner the values 
for 2-propanol and 2-methyl-l-propanol are between those for 1-butanol 
and 2-butanol. The curves suggest a linear increase in the solubility with 
increasing molecular volume for the less soluble salts. 

Bom’s equation 

log Si/ Si = (0.4343c*/2rjfcr)(l/i)j - l/Di) 

where e is the charge on the electron, k is Boltzmann’s constant, r is the 
radius of the molecule, and S is the solubility in a solvent of dielectric 
constant D, does not fit our data. We are in need of data on the internal 
pressure of liquids in order to predict their solvent power. 

Water enjoys the ability to form hydrogen bonds to a greater extent 
than any of the alcohols and therefore is a more highly associated liquid 
and a better solvent. If a liquid that can form hydrogen bonds is a good 
solvent, then we would predict that 2-butanol would be the poorest solvent 
of our series. Our data show this to be true. We think that it is for this 
reason that 2-propanol, which ha.*! a higher dielectric constant and lower 
parachor, is a poorer solvent than 1-butanol. 

Solubilities of the salts in the normal alcohols decrease regularly with 
increase in molecular weight, parachor, molecular volume, boiling point, 
and heat of vaporization of the solvent, and increase regularly with an 
increase in the dielectric constant and internal pressure of the dissolving 
medium. With the exception of ethanol, a regular decrease in solubility 
occurs with an increase in density of the solvent. In all cases the normal 
alcohols were better solvents than the corresponding iso alcohols. The 
latter, in turn, are better solvents than the secondary isomers. 

The sodium salts are more soluble than the corresponding potassium 
salts. For a given series the solubility increases in the order chloride, 
bromide, and iodide. Those properties of the solute which may be corre- 
lated with greater solubility are the following: large molecular volume, 
large molecular weight, high density, low melting point, low heat of vapori- 
zation, and low atomic weight of the metallic element. These factors 
emphasize the concept that the solution forces of the solvent are directly 
dependent upon the mass and the area over which its attractive tendencies 
can be exerted. 

The relationships that we have pointed out hold for the data in the 
literature except for incredible cases such as lithium and calcium per- 
chlorates, which are reported (13) to be much more soluble in methanol 
than in water. 
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SUMMARY 

The solubility values for the iodides, bromides, and chlorides of sodium 
and potassium in the solvents methanol, ethanol, 1-propanol, 1-butanol, 
2-propanol, 2-metbyl-l-propanol, 1-pentanoI, and 2-butanol have been 
accurately determined at 25®C. 

The dielectric constants of the alcohols were determined by the hetero- 
djme beat method. 

The phenomenon of solubility was correlated in a qualitative manner 
with the physical constants of solvent and solute. 
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The differential static method of measuring vapor pressures, as devised 
by Parks and Schwenck (8), has been modified recently by Olsen and Wash- 
bum (6) and has been applied by them to the investigation of the system 
benzene-isopropyl alcohol. The latter authors claim an accuracy to 
within 2 to 3 per cent for their method when their results are compared 
with recognized recorded values. 

In this laboratory it was decided to employ the method in modified form. 
The S 3 rstems chosen were the binary solutions of the four butyl alcohols in 
benzene. It was hoped that the results would yield information concerning 
the effect of the branching of the chain or of the position of the hydroxyl 
group upon the degree of deviation from ideality of these solutions of the 
non-polar-polar type. 


EXPERIMENTAL 

The method in essentials was that of Olsen and Washburn (6) and 
consisted of the comparison of the vapor pressure of the pure alcohol with 
the toted pressure of a solution of that alcohol in benzene. This comparison 
was effected by placing the pure alcohol in one arm of a glass manometer 
containing mercury and the solution in the other aim, also over mercury. 
The technique was essentially that of Olsen and Washburn; certain refine- 
ments were introduced and will be described later. 

The partial pressures of the constituents of the solutions were deter- 
mined by passing dry, carbon dioxide-free air through bubblers containing 
the solutions, condensing the vaporized constituents at about — 65*’C., 
and analyzing the condensate. 

Purification of materials 

Benzene of reagent grade was refluxed with mercuric acetate and then 
distilled onto freshly pressed sodiiun wire. It was allowed to remain in 

* Contribution No. 137 from the Department of Chemistry and Chemical Engi- 
neering of the University of Texas. 
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contact with the sodium for 36 hr. ; after distilling from the sodium-sodium 
oxide residue, the benzene was carefully fractionated twice through an 
efficient column. The final product, roughly 50 per cent of the original 
sample, boiled at 79.6°C. at 746 mm. It melted at 5.5'’C. and had at 25°C. 
a refractive index of 1.4980 and a density of 0.8732 g. per cubic centimeter. 

The butyl alcohols were products of high quality obtained from the 
Eastman Company. They were purified by a preliminary refluxing with 
lime, followed by distillation onto calcium metal turnings. After a 12-hr. 
contact with the metal, the alcohols were distilled slowly from the calcium 
alcoholate residue and fractionally distilled thrice through a long insulated 
column of the indented type. The final product represented from 50 to 
60 per cent of the original sample. The observed physical constants of 
these purified samples are presented in table 1. 

TABLE 1 


Physical constants of the butyl alcohols 


Bum* 

ALCOHOL 

BOILING POINT 

! 

n*** 

/>«• 

BBPXB- 

Observed 

Litmture 

Ob- 

served 

Liter- 

ature 

Ob- 

served 

Liter- 

ature 

■NTH 


•c 




grams per etUne 







eentimeier 


Normal .... 

117.3 (746 mm.) 

117.71 (760 mm.) 

1.3974 

1.3974 

0.8057 

0.8057 

(2) 

Iso 

107.6 (749 mm.) 

107.89 (760 mm.) 

1.3936 

1.3939 

0.7982 

0.7976 

(2, 1) 

Secondary. . 

99.2 (750 mm.) 

99.53 (760 mm.) 

1.3946 

1.3950 

0.8022; 

0.8023 

(1) 

Tertiary* . . . 

82.3 (762 mm.) 

82.55 

1.3845 


0.7804 

0.7806 

(3) 


• Observed melting point, 25.4“C.; literature value, 26.60‘’C. (7). 


PreparaUon and analysis of solutions 

All solutions were prepared by weight, using weight burets. Weighings 
were made directly into volumetric flasks equipped with special seals to 
exclude moisture. For each alcohol there were prepared five solutions 
in benzene; the exact concentrations were approximately 20, 35, 50, 65, 
and 80 mole per cent alcohol. In addition, approximately 10 mole per 
cent solutions of the secondary and the tertiary alcohols were prepared. 

The refractive indices at 25®C. ± 0.1® were determined for these solutions 
by means of an Abb4 refractometer, using daylight as the light source. 
The following relations represent the dependence of the index of refraction 
on the mole fraction, x, of the alcohol (in the alcohol-benzene solution): 


n-Butyl alcohol.'/, n * 1,4980 — 0.1122a; + O.OllOa?* 

Isobutyl alcohol n « 1.4980 — 0.1184a; + 0.0140a;* 

Secondary butyl alcohol n 1.4980 — 0.1214a; -j- 0.0180a;* 

Tertiary butyl alcohol n - 1.4980 — 0.1874a; + 0.0240af* 
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These relations reproduce the experimentally determined values to better 
than 1 part in 5000. In the determination of the composition of the 
condensate resulting in the air-bubbling procedure of determining the 
partial pressures, a determination of the index yielded the molar com- 
position immediately. 

The densities of the alcohol-benzene solutions were also determined at 
26®C. db 0.05® by means of a Weld precision specific gravity bottle. The 
following relations were obtained, the densities in grams per cubic centi- 
meter being reported as functions of the mole fraction, x, of the alcohol 
in the benzene solution: 

n-Butyl alcohol d = 0.8732 - 0.0773a; + 0. 0098a;* 

Isobutyl alcohol ... . d = 0.8732 - 0.08917a; + 0.01417a;* 

Secondary butyl alcohol ... d « 0.8732 — 0.0918a; 0.0208x* 

Tertiary butyl alcohol d ** 0 8732 — 0.1240x + 0.0312x* 

These densities were necessary to make the proper corrections for the 
height of the alcohol-benzene solutions above the mercury in the arm of 
the manometer in which total pressures are determined. 

The apparatus 

All measurements of vapor pressure were made in a water thermostat 
with glass windows. The temperature was kept at 25®C. ± 0.05® by means 
of a mercury column actuating a sensitive relay. All temperatures were 
determined by means of a long mercury thermometer of limited range 
calibrated by the National Bureau of Standards. 

Total pressures were determined by means of the manometer described 
by Olsen and Washburn (6), the arms being about 40 cm. long and ending 
in glass-mercury seals. All readings were made with a cathetometer 
reading to 0,1 mm. The pure alcohols used in one arm of the manometer 
had the following vapor pressures at 25®C. : n-butyl, 6.44 mm. (4) ; isobutyl, 
12.6 mm.; secondary butyl, 18.4 mm.; and tertiary butyl, 42.0 mm. (7). 
The values for the isobutyl and secondary butyl alcohols were determined 
in this laboratory, no values being available in the literature. 

The aerator used in the partial pressure determinations was essentially 
that of Olsen and Washburn (6) and was maintained in a constant- 
temperature bath at 25®C. db 0.05®. The condenser was kept in a dry 
ice-acetone bath during a run, assuring complete condensation of the 
vapors. At least 2 cc. of condensate was collected during each run; the 
composition of the condensate was read from a large-scale plot of the index 
of refraction versus the mole fraction of alcohol. 

Accuracy of the method 

An examination of the Olsen and Washburn total pressure method 
reveals that errors are due to (a) impurities in the substances investigated, 
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TABLE 2 


Total pressures at of benzene-butyl alcohol solutions 


n-Btnmi Auoomoh 

XSOBtmrL ALCOHOL 

8BCONDABT BTJTTL 
ALCOHOL 

TJBWIABT BTJTTL 
ALCOHOL 

9 

V 

X 

V 

X 

p 

* 

V 


94.4(5} 

89.4 

0.202 

93.2 

\ 

0.095 

0.197 

96.4 

95.1 

0.100 

0.198 

104.7 

106.5 

0.322 

84.9 

0.343 

89.3 

0.353 


0.351 

104.3 


77.8 

0.498 

83.7 


85.4 

1 0.499 

100.2 

0.650 

67.3 

! 0.640 

75.3 

0.646 

76.9 

0.652 

92.8 

0.803 

50.5 

0.805 

56.8 

0.797 


! 0.802 

80.5 


6.4(4) 

1.000 

12.6 


18.4 1 


42.0(7) 


TABLE 3 

Partial pressures at iS5°C. of benzene-butyl alcohol solutions 


BTJTTL ALCOHOL 

IfOLB PBACnON 
or ALCOHOL 
IN UQUID 

to* 

CONDBN8ATB 

MOLB FRACTION 
OF ALCOHOL 
IN VAPOR 

PARTIAL 1 

Alcohol 

PBB88UBB 

Bensene 

Nomal 

0.197 

1.4927 

0.045 

4.0 

85.3 


0.313 

1.4910 

0.059 

5.1 

80.7 


0.500 

1.4897 

0.070 

5.5 

72.4 


0.650 

1.4886 

0.081 

5.5 

61.9 


0.798 

1.4850 

0.113 

5.8 

45.8 

Iso 

0.202 

1.4892 

0.072 

6.7 

86.4 


0.343 

1.4874 

0.087 

7.8 

81.5 


0.498 

1.4848 

0.099 

8.3 

75.4 


0.604 

1.4827 

0.128 

9.6 

65.7 


0.805 

1.4759 

0.187 

10.6 

46.2 

Secondary 

0.197 

1.4845 

0.112 

10.7 

84.5 


0.353 

1.4821 

0.133 

12.1 

78.9 


0.500 

1.4796 

0.150 

12.8 

72.6 


0.646 

1.4756 

0.185 

14.2 

62.7 


0.797 

i 1.4669 

0.262 

15.9 

44.8 

Tertiary 

0.100 

1.4798 

0.130 

13.6 

91.1 


0.198 

1.4712 

0.196 

20.9 

85.7 


0.351 

1.4650 

0.245 

25.6 

78.7 


0.499 

1.4593 

0.291 

29.2 

71.0 


0.652 

1.4520 

0.352 

32.7 

60.1 


0.802 

1.4400 

0.455 

36.6 

43.9 


(b) errors made in making up the solutions, (c) errors in the temperature 
control, (d) errors in the cathetometer readings, and (e) the presence of a 
small bubble of permanent gas in the manometer. In the present investi- 










VAPOR PRESSURES OP ALCOHOLS IN BENZENE 


429 


gation the over-all accuracy of the method is believed to be within dbl per 
cent. This was checked by measuring the vapor pressure of benzene of 
highest purity; the measured value and the ‘'best” value recorded in the 
literature agree to within 1 per cent. 



Fig. 1. Partial and total pressures (in millimeters) at 25®C. of benzene-butyl 
alcohol solutions. O , n-butyl alcohol-benzene solutions; A , isobutyl alcohol- 
benzene solutions; □ , secondary butyl alcohol-benzene solutions; x , tertiary butyl 
alcohol-benzene solutions. 


THE DATA OBTAINED 

The total and partial vapor pressures are presented in tables 2 and 3 
and graphically in figure 1. Pressures are given in millimeters of mercury 
(1/760 of standard atmosphere); the mole fraction of the alcohol is desig- 
nated by X. 
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DI8CIT88ION OP BESULTS 

An inspection of the curves of the figure reveals that there is a marked 
deviation from ideality (Le., Raoult’s law) in each of the four cases studied. 
This deviation was to be expected, since these solutions are composed of 
non-polar and polar (or semi-polar) constituents. Most striking is the 
comparison of the structural effects of the isomers on ideality in solution; 
the figure shows that vapor pressures of solutions of n-butyl alcohol in 
benzene most nearly approximate the ideal, while those of tertiary butyl 
alcohol in the same solvent vary most. This may indicate that a sub- 
stitution of the hydrogen of the carbinol carbon by an alkyl group causes 
an increased deviation from ideality; i.e., that the polarity of the alcohol 
increases as the hydrogens of the carbinol carbon are substituted by alkyls, 
thereby increasing effects due to differences in the polarity of the con- 
stituents. This latter observation is in accord with accepted electronic 
structures of these alcohols. 


SUMMARY 

1. Total pressures of binary solutions of the four butyl alcohols in 
benzene have been measured with an accuracy within 1 per cent. 

2. Partial pressures of these solutions have been determined with an 
accuracy better than 1 per cent. 

3. The observed data are presented graphically. Such plots show a 
marked difference in the degree of deviation from Raoult’s law for the four 
isomeric alcohols. An increasing polarity with change in structure of the 
alcohols in mixtures with the non-polar substance benzene seems to account 
for the increase in deviation. 
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THEORETICAL 

A recently published note (2) pointed out the fact that van't Hoff’s 
isochor 

j AH dT , . 

d(lnK) = (1) 


which relates equilibrium constant, heat of reaction, and absolute tem- 
perature, can be combined with the equation for the linear variation of 
heat of reaction with temperature, 

AH ^ a + bT (2) 

and integrated between limits to give‘ 


RTiTthxK,/Ki 

Tt-Ti 


^a + b^^^^]nTt/T^ 


(3) 


It was also pointed out that if a temperature. To, is defined by the equa- 
tion 


To 


TxT, 

To-Ti 



(4) 


the right-hand member of equation 3 is AH o, the value of AH at To, Rud 



TiT, 

Tt-Tx 



(5) 


It was shown that when AH is a linear function of temperature equation 5 
can be used to calculate AH from two values of K and their corresponding 
temperatures, and that a knowledge of the values of a and b is not re- 
quired. 

* An error in sign was observed in the original equation. 
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The present paper will undertake to show that may be approximated 
very closely by a similar procedure, even though it varies as a general 
equation of higher degree where the coefficients of the temperature terms 
are constants: 


AH = a + tr + cT* + dr* + (6) 


Substitution of equation 6 in equation 1 and integration between the 
limits Ki, Kt and Ti, Tt gives 



4 - 61 n^ + c(r,- Ti) 

■/ 1 


+ d 


(Tl - Tl) 
2 


I ^ (rl - Tl) 
3 


(7) 


and multiplication by 


r,- Tl 


and simplification of terms gives 


RTiTt 

Ti-Tx 



= a + b 


TiTi , Ti 
Ti — Tl Tx 


+ cTxTt 


If 


+ d TxTt + e TxTi (8) 




To = 


TxTi 

Ti-Tx 



and if Tx and Tt are near room temperature and are not taken over too 
wide a temperature range, (Tx Tt) will not differ appreciably from To , nor 

(?’* . + TxTi from Tl, nor 
jL 

{T\ + TxTi +TX) rrrr 
3 

from To . A comparison of temperatures where Tx = 0®O. and Tt = 35®C. 
shows that To is Ifi-S^C., while (riT,)*'* = IT-O^C., 

+ ^ - 17.1"C. 

and 

the temperature range being not more than 0.5'’C., a fairly dose approxima> 
tion. The error introduced in AH for the temperature interval will be 
small, particularly if the constants c, d, and e are small. 
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On replacement of the above terms by To as a close approximation, 
equation 8 becomes 

^^^]n^^^a + bTo + cTl+dTl + eTt (9) 

Combining with equation 6, equation 9 becomes identical with equation 5. 
In a similar manner it can be shown that equation 9 can be used for 
higher powers of To- 

We have shown therefore that, when AH is a linear, quadratic, cubic, 
or quartic function of temperature, equation 5 can be used as a very 
close approximation for the calculation of AHo at a temperature To (as 
defined by equation 4) from the values for X at temperatures Ti and 
Such a calculation does not require any knowledge of the constant coeffi- 


TABLE 1 

Comparison of two methods for heat of ionization 


ACID 

Ti 

Ti 

Tt- 

Tx 

To 

Ki X 10» 

1 

1 X 10» 

AHo 

(CALCU- 

I.ATBD) 

AH 

(CLAB- 

BICAL) 

AHo- 

AH 


•c. 

•c. 

•c. 

•c. 



eaUtriea 

ealoriea 

calorUa 

Formic (6) 

0 

60 

60 

28.0 

1.6381 

1.551 

-165 

-138 

-27 

Acetic (4) 

0 

60 

60 

28.0 

1.657 

1.542 

-217 

-215 

-2 


0 

25 

25 

12.1 

! 1.657 

1.754 

368 

316 

52 

Chloroacetic (19) . . 

0 

40 

40 

19.1 

I 152.8 i 

122.9 

-926 

-956 

30 


0 

25 

25 

12. i: 

I 152.8 j 

137.8 

-669 

-681 

12 

Propionic (5) 

0 

60 

60 

28.0 

1.274 

1.160 

-283 

-283 

0 

n-Butyric (8) 

0 

35 

35 

16.8! 

1.563! 

1.439 

-395 

-338! 

-57 

Sulfuric (second hydro- 










gen) (3) 

0 

60 

60 1 

28.0 

!1480. 

596. 

-2742 

-25091 

-233 


0 

25 

25 i 

12.1 

il480. 

1200. 

-1357 

-1116 

-241 

Glycine (A',.) (10) 

10 i 

1 

45 

35 : 

26.8 

1 394. 

486. 

1059 

1102 

43 


dents, a, b, c, d, and e. The method is very useful in the determination 
of approximate values of AH at a given temperature when only one value 
of the heat of reaction is required and when only two values of K are 
known. 

Table 1 shows that the heat of ionization (13) of the carboxylic acids 
obtained by the approximate method differs from that obtained by 
equation 6 or by s imilar procedures by a maximum of 57 cal. Since the 
variation of AH depends primarily upon the temperature interval selected 
and upon the value of the constant coefficients in the terms T* and T*, 
it would be expected that, if the coefficients were large enough to contribute 
several thousand calories, the difference in values obtained by the two 
methods, corresponding to a difference in T of 0.5°C., would be large. 
Such is the case for the second hydrogen of sulfuric acid, for the higher 
order terms contribute appreciably to the value of AHo. 
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TABLE 2 


Heats of ionization of some organic adds 
Temperature — 16.8®C., approximately 


VO. 

ACID 

JRTiXlO* 

((TCJ 

JCiXlO* 

Aff.* 

(1«.8*C.) 

AHt 

(eumKAL) 

1 

Benzoic (16) . . 

0.611 

0.684 

539 

504 

2 

fn*-Nitrobenzoic (18) 

3.31 

3.41 

142 

188 

3 

p-Nitrobenzoic (17) 

3.62 

4.14 

641 


4 

3,5>Dinitrobenzoic (17) 

13.4 

16.4 

965 


5 

o-Hydroxybenzoic (16) 

8.3 

10.6 

1169 


6 

m-Hydroxybenzoic (16) 

0.725 

0.789 

404 

333 

7 

p-Hydroxybenzoic (16) 

0.251 

0.287 

640 


8 

2,4-Dihydroxybenzoic (17) 

3.95 

5.25 

1360 


9 

2,5-Dihydroxybenzoic (17) 

10.4 

12.9 

1029 


10 

Gallic (16) 

0.338 

0.394 

733 


11 

o-Chlorobenzoic (17) 

13.7 

11.9 

-673 


12 

m-Chlorobenzoic (11) ! 

1.41 

1.54 

421 ! 


13 

p-Chlorobenzoic (11) ‘ 

0.55 

0.68 

1014 


14 

m-Bromobenzoic (11) 

1.33 

1.55 

731 


15 

o-Toluic (16) 

1.59 

1.25 

-1150 

-1060 

16 

m-Toluic (16) 

0.515 

0.554 

349 


17 

p-Toluic (16) 

0.383 

0.437 

630 


18 

Anisic (12) 

0.291 

0.330 

601 


19 

Vanillic (12) 

0.300 

0.355 

804 


20 

m-Acetoxybenzoic (11) 

1.19 

1.32 

495 


21 

Acetylsalicylic (12) 

3.10 

2.72 

-625 


22 

Cinnamic (16) 

0.322 

0.363 

573 


23 

Hydrocinnamic (12) 

0.220 

0.217 

-66 


24 

o-Coumaric (12) 

0.233 

0.242 

181 


25 

Naphthionic (12) 

11.7 

27.6 

4101 


26 

Camphoric (17) 

0.285 

0.254 

-550 


27 

Benzilic (17) 

9.25 

8.93 

-168 


28 

Mandelic (16) 

4.30 

4.24 

-67 


29 

Levulinic (17) 

0.220 

0.246 

534 


30 

Acetic (16) 

0.175 

0.183 

214 

163 

31 

Phenylacetic (16) 

0.540 

0.506 

-311 


32 

Cyanoacetic (17) 

38.7 

34.8 

-508 


33 

Propionic (16) 

0.133 

0,136 

107 

136 


* The subscript zero does not refer to a standard state* AJETo is calculated for 
To - 16.8®C. 
t Reference 9. 
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TABLE 2 — Concluded 


MO. 

ACID 

/CiX 1(H 
(O-C.) 

iCiX 10* 
(35*C.) 

A//o* 

(16.8*C.) 

AHt 

(CLA8BICAL) 

34 

a-Bromopropionic (17) 

12.4 

9.2 

-1426 


35 

/3-lodopropionic (17) 

0.977 

0.910 

-450 


36 

n-Butyric (16) 

0.163 

0.147 

-494 


37 

a-Bromobutyric (17) 

14.98 

11.5 

-1263 


38 

Isobutyric (16, 17) 

0.165 

0.142 

-419 ! 


39 

HydroxyiBobutyric (17) 

0.96 

1.07 

518 ! 


40 

Isovaleric (17) 

0.167 

0.141 

-809 


41 

Caprylic (17) 

0.125 

0.123 

-77 


42 

Crotonic (16) 

0.199 1 

0.211 

280 


43 

Phenylpropiolic (8) 

63.5 

53.8 

-792 



HEATS OF IONIZATION OF SOME ORGANIC ACIDS 

The new method outlined above makes it possible to calculate, with a 
relatively small error, heats of ionization from dissociation constant data 
obtained at only two temperatures. The author observed that this 
method could be used to obtain some heats of ionization hitherto un- 
known, and that it could also be used to study the relationship of heat of 
ionization to ionization constant in various organic acids. 

Table 2 presents in column 3 calculated heats of ionization which are 
new to the literature in most cases, as compared, in column 4, with values 
calculated by other methods. The values of K are the classical constants, 
rather than the thermodynamic values corrected to infinite dilution. The 
difference between the classical constant and the thermodynamic con- 
stant of weak organic acids is usually very small. o-Nitrobenzoic acid 
has not been included in the table, because it is so strong that Ostwald's 
dilution law does not hold even approximately and dilution has a marked 
effect upon K, In order to eliminate personal errors, only those values 
of K were used which were determined at different temperatures by the 
same worker. Table 2 shows that the values for AH obtained by the 
approximate method compare very favorably with those obtained by 
classical methods (9). 

Figure 1 shows log K plotted against AH, the numbers on the graph 
corresponding with those of the acids listed in table 2. By use of the 
equation 

- RT la K = AH - TAS (10) 

where R, T, K, and AH have the usual notation and AS represents the 
increase in entropy due to ionization, the variable most concerned in the 
change in structure of an organic acid, such as the introduction or sub- 
stitution of groups or a change in resonance energy, may be studied. 
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Figure 1 shows that there is no simple relation between the ionization 
constant, K, and the heat of ionization, AZf, of organic acids. The two 
constants seem to be in no way dependent upon each other. For example, 
the plotted points of benzoic acid, m-nitrobenzoic acid, and p-nitroben- 
zoic acid form an equilateral triangle, while those of benzoic add and the 
three monohydroxybenzoic acids form a parallelogram. 



A/zq (calories) 
Fio. 1 


Introduction of a hydroxyl group into the ortho position in benzoic acid 
and into m-hydro3^benzoic acid causes about the same change in £JI 
and causes parallel changes in log K of the two compounds. Likewise, 
introduction of a hydroxyl group into the meta podtion in benzoic acid 
and into o-hydro3Qrbenzoic add (giving 2,5-dihydroxybenzoic add) causes 
parallel changes in MI and in log K, MI decreasing in both cases and log 
K increasing. Para-substitution of the hydroxyl group in benzoic add 
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and in o-hydroxybenzoic acid (giving 2,4-dihydroxybenzoic acid) causes 
increases, though not parallel ones, in log K and decreases in Alf. These 
changes are perhaps fortuitous, because gallic acid bears no such close 
relationship to either »t-hydroxybenzoic acid or p-hydroxybenzoic acid. 

The plot of the chlorobenzoic acids shows a linear relationship between 
Aff and log K. The stronger the acid, the lower the heat of ionization. 

The saturated aliphatic acids have a narrow range of K (between 1 
X 10~* and 2 X 10~*), but their heats of ionization range from —809 
cal. to + 214 cal.^ Of the six listed in table 2, those of lower molecular 
weight have the higher heats of ionization except for capiylic acid, which 
lies between propionic and isobut 3 rric acids. This fact might be inter- 
preted to mean that the carbon chain of the caprylic acid molecule is 
folded. As might be expected, isobut 5 rric acid with its more compact 
structure has a slightly higher heat of ionization than n-butyric acid. 

Increase in the molecular weight of propionic acid by substituting a 
phenyl group on the omega carbon atom (hydroxycinnamic acid) causes 
the same sort of lowering in heat of ionization as noted above in satu- 
rated aliphatic acids. However, this relationship does not hold where 
polar groups are substituted on the aliphatic acids, since the heat of 
ionization of jS-iodopropionic acid is higher than that of a-bromopropionic 
acid. 

A comparison of isobutyric acid and hydroxyisobutsnic acid shows that 
hydroxyl groups tend to increase the heat of ionization. A similar effect 
has been noted in the aromatic series when hydroxyl groups are substituted 
in the ortho and para positions. , 

It has been pointed out (1) that resonance energy plays an important 
part in the dissociation of ortho- and para-substituted benzoic acids. 
Table 2 shows that four different groups (including ortho-para orienting 
groups as well as so-called “electronegative” and “electropositive” groups) 
— ^methyl, hydroxyl, chloro, and nitro groups — ^raised the heat of ioniza- 
tion of benzoic add when substituted in the para position. All except 
the hydroxyl group decrease the heat of ionization when substituted in 
the ortho position. It has been postulated (14) that numerous other 
factors influence the ionization of ortho-substituted derivatives. 

The theory (1) leads one to expect that resonance energy is not con- 
cerned in the ionization of derivatives with one substituent in the meta 
position (15). The data in table 2 show that each of the four groups 
mentioned above caused a decrease in the heat of ionization when sub- 

* These relationships cannot be expected to be very close, since dissociation con- 
stants at O'C. were compared with AH values obtained at about IC.B^C. If both 
had been considered at the same temperature, a better interpretation could have 
been made. However, the data are not yet available. 
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Btituted in the meta position of benzoic acid.* It may therefore be said 
that in the absence of resonance effect the methyl, hydroxyl, chloro, and 
nitro groups contribute a decrease to the heat of ionization when sub- 
stituted in the benzoic acid molecule. The increase in the heat of ioniza- 
tion when these groups are substituted in the para position must be due 
to increased resonance energy. 

It may be said in general that, since specific heats of ionization are all 
of about the same order of magnitude, and since they vary negatively 
with an increase in temperature, the acids having the higher heats of 
ionization will reach maximum ionization at a higher temperature (7). 

StJMMABY 

1. A new approximation method for the calculation of the heats of 
ionization of organic acids has been presented. 

2. Some new heats of ionization of organic acids have been calculated. 

3. Resonance energy has been shown to increase the heats of ionization 
of certain substituted benzoic acids. 

4. The relation between the heat of ionization and the ionization con- 
stant in certain organic acids has been presented. 
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* m-Bromobencoic acid and ?>Mlinitrobenzoio acid have higher values for AH 
than does benzoic acid, perhaps owing to the effect of increased molecular weight. 
Obviously more exhaustive study is necessary before drawing rigid oonolusions. 

Fig. 1. Relation of ionization constants of some organic acids to heats of ionization 
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In the first paper of this series (4) there were given, without detailed 
derivation, equations relating the specific viscosity, ry.p, of a dilute solu- 
tion to the concentration and the coordinates and sizes of the atoms in the 
solute molecules. The derivations will now be supplied. 

DERIVATION OF THE GENERAL EQUATION 

The procedure is an extension of that used by Kuhn (5) in deriving an 
equation for the viscosity of a rod-like molecule. Considering any rigid 
solute molecule, let the coordinates of the n component atoms, measured 
relative to rectangular axes passing through the center of moments, be 
designated as Xi, yi, Zi, The surrounding liquid is assumed to be moving 
in the z direction with a velocity (relative to that at the molecule center) 
qx, which is proportional to x (figure 1). 

The velocity gradient causes the molecule (if not spherical) to rotate 
around the Y-axis. In spite of such rotation, however, each atom is, in 
general, not moving with the same velocity as the liquid immediately 
surrounding it. After calculating this relative velocity, one assumes 
Stokes' law to obtain the work done by the atom on the liquid, and, after 
suitable summation and averaging, the increase in viscosity resulting 
from the velocity gradient. 

Defining r,, and Si as indicated in figure 1, 

Xi = r* cos $i (1) 

• Zi = Vi sin Si (2) 

Xi = — - Zi^i (3) 

and 

Zi =s Xt^i (4) 

The velocity of atom i relative to the immediately surrounding liquid is 

Ui — y/ , -J- y] , (5) 

^ Communication No. 690 from the Kodak Research Laboratories. 
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where 




1 

H 

;? 

(6) 

and 




1 

« 

II 

(7) 


The force acting on this atom, according to Stokes’ law, has the direc- 
tion — U{ and the magnitude 

j Xi I = 6 vriaiUi (8) 

Its components in the X and Z directions are: 


and 


K,,i = — 67n70jXj(d< — q) 


(9) 

( 10 ) 


z 



Fio. 1. Illustrating the orientation of reference axes, etc. 


If is the viscosity of the solution and Ot is the "effective radius” of atom i. 
This effective radius is smaller than the true radius if the atoms in the 
molecule are not well separated from each other. (Concerning the 
estimation of 0 {, see the discussion at the end of this paper.) 

The moment acting on atom t, tending to rotate the molecule, is 

Mi = Kx,iZi — K,,iXi « 6vijOi(r*^< — x\q) (11) 

For no acceleration or deceleration of the rotation. 


ZMt ^ 0 


( 12 ) 
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the summation (here and elsewhere in this paper unless otherwise speci- 
fied) being over all the n atoms of the molecule. Hence 

2Ci(r*^< - a:Jg) = 0 (13) 


For a rigid molecule is the same for all the atoms, hence the subscript 
can be dropped. Solving for d, 


d = _ g2a<r< cos^ g,- 

So<r* Sa<r* 


(14) 


The energy loss in unit time, due to atom i, is 


«»• 


1 2r< I 1 I = Qmjq^di 


(2:a.r?)*^ 


(15) 


by substituting into equations 5, 6, 7, and 8. The energy loss per unit of 
time for the whole molecule is 


where 


< = Se, = QTiiq^Fx, 


„r SoixJ'SOizf Sot-rJ COS* g<-Sa<rf sin* ft 


2a.rJ 


2a, r* 


If all the atoms in the molecule have the same radius, a, 

« = Qirriq'^aF Xt 

2a:* - 22 ^ _ 2r* cos* ft-2r* sin* ft 


= 


2rt 


2rJ 


(16) 

(17) 

(18) 
(19) 


The energy loss due to all the solute molecules, per cubic centimeter of 
solution, is 

Ei = c'Ni = ^Nc'q^ytF'^. (20) 


N is Avogadro’s niunber, c' is the concentration in moles per cubic centi- 
meter, and Fx, is the average of F*, over all the solute molecules. 

The niunber of solvent molecules per cubic centimeter of solution (as- 
suming that the average volume of a solvent molecule is the same in the 
solution as in the pure solvent and that the density of the solvent is the 


same as that of the solution) is 



times the number of solvent 


molecules per cubic centimeter of pure solvent. V is the volume of the 
solution and v is the volume occupied by solute molecules. The energy 
transformed to heat per cubic centimeter of pure solvent is g*)jo, where 
ijo is the viscosity of the pure solvent. Therefore the energy loss due to 
the aohent molecules in 1 cc. of solution is 





(21) 
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If the solute molecules are very similar in size and shape to the solvent 
molecules, the viscosity of the solution is the same as that of the pure 
solvent. The energy loss due to the solute molecules in 1 cc. of solution 
is, in this case, 

Et — q*no ( 22 ) 

If, however, the solute molecules are large and spherical, their contribution 
is 

E» = 3.53' Vo (23) 

to give agreement with Einstein’s viscosity law, which requires 

El + Et — q^tjo ^ ( 24 ) 

In general, one may write 

Et = {l + k,)q\t (25) 

where X;# is a constant, depending on the relative sizes and shapes of 
solvent and solute molecules. 

For chain molecules in which the size of the units linked together (e.g., 
the — CHj — units in a normal parafBn) is of the same order of magnitude 
as the size of the solvent molecules, kg would be expected to have a value 
close to zero, especially if the chain is somewhat flexible. Its sign might 
be either positive or negative, — the latter for relatively large solvent 
molecules. 

The viscosity of the solution is given by the equation 

, = = » (l + '‘-f) + ( 26 ) 

Hence, 

*, p + ftriVc'S _ 

= 1 _ 1 . -J. (27) 

1 - QvNc'F„ 

The next problem is to calculate F»,, making use of equation 17 for 
F'„ . We put 

+ $t ( 28 ) 

the d'i values being constants, measured relative to a set of axes (X', Z') 
rotating with the molecule. These axes are so chosen as to make 

2 air\ cos sin 0 


(29) 
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Therefore, 


cos* 0i — cos* $i cos* $0 -|- sin* 0i sin* 0o 
sin* 0i — sin* 0i cos* 0o -f cos* 0i sin* Oo 


Substituting in equation 17, 


Fx, = F-— s (cos^ ffo + sin^ 0o) + — ^ cos* 0o sin* flol (32) 
L2oir< So,r; J 

where 

C = 2a cos* «.• (33) 

and 

S = 2o.r! sin* 0- (34) 

Let p be the average fraction of the total number of molecules having a 
value of 00 between 6o and 6o -|- d^o. Alternatively, p can be defined as the 
fraction of the time, on the average, that 0o for any given molecule is 
between 0o and 0o -h dflo- The following relation then holds: 

Fxt ~ i f pF — 4 (cos* 00 + sin* 0o) H ~" 4 “ cos* 0o sin* tfo"|d^o\ (35) 

[Jo L2a<r, ^cari J j»ve. 

The integration takes care of the avera^g over all values of 0o but not 
over all orientations of the molecules relative to the XZX'Z' plane. 

The function p depends on the relative magnitude of the velocity gra- 
dient q, which tends to favor orientation of elongated molecules with their 
long axes parallel to the Z-axis, and the Brownian motion, which tends to 
make all orientations equally probable. 

If the Brownian motion is of negligible importance, as compared with 
q, p is inversely proportional to 0, as given by equation 14. The pro- 
portionality constant is deduced from the relation 

r2r 

/ pd^o = 1 (36) 


where 


making use of equation 30 and the integral (3) 


one obtains 


(J0O _ 2ir 

C cos* 00 + S sin* 0o \/CS 

^ Vcs 

2v(C cos* Po + <S sin* 0o) 


For a negligible velocity gradient q or very strong Brownian motion, all 
values of 0o are equally probable and 


(39) 
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To obtain a second approximation, for the case of strong Brownian 
motion, one may follow Kuhn (reference 5, pages 11, 12) in calculating a 
“rotational diffusion constant,” obtaining 


D = 


kT 

6irriX<hfi 


(40) 


in which k is Boltzmann’s constant. Then, considering the superposition 
of the rotation due to the velocity gradient and the diffusion resulting 
from the Brownian motion, one deduces 


— = constant 

dS 


(41) 


Substituting the value of 6 as given by equations 14 and 30 leads to the 
equation 


where 


— + ap sin* 0t = constant 
00 


_ GxfjqiC — S) 


Following Boeder (1), one then finds forp: 

1 r, , sin* 00 , 2 / cos 200 cos 4®o\ 

+ “ — + “ (t 6 er) 


16 64 

+ terms in higher powers 


1 r, , sin 00 cos 00 , 2/3 sin^0o\ 

+ — 2 — + “(64-—) 


of a J 


“] 


(42) 

(43) 


(44) 


+ terms in higher powers of i 

Substituting equation 38 into equation 35 and integrating gives 

jpi ("V^ C<S)»Te. 

2 


(45) 


(46) 


for the case of negligible Brownian motion. 
Substituting equation 45 into equation 35 leads to 



+ - 2 k to Ugher powen of . (47) 
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for strong Brownian motion. In the limit, when a is zero, 


8 2 \] 


.S OtTu •»». 


(48) 


If one does not choose the X'- and Z'-axes so as to make equation 29 
true, one obtains, in place of equation 48, 

p' ^ (S djT I 1 r CS — (S Qi'T * i COB $i sin 0i) ~| (49) 

8 2 L 2 a,rj J *t«. 

Equations 27, 46, 47, and 48 will now be applied to certain special cases. 

BOD-LIKE CHAIN MOLECULES 

CJonsider a hypothetical rigid, rod-like chain molecule, such as represented 
in figure 2. Let X'- and Z'-axes be so chosen that the molecular axis is 


2 ' 2 



Fio. 2. Illustrating the orientation of axes, etc., for a rigid rod-like molecule 

in the X'Y plane. All the 6i values are then either 0 or tt. Equation 
29, therefore, holds. Also 


C = S Oif! cos* = S OiT* 

(50) 

and 


S = So,rJsin*tf,- = 0 

(51) 

For no Brownian motion, from equation 46, 



F:. = 0 


(52) 
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and, from equation 27, 


ii>t> = 



( 53 ) 


All the solute molecules would, for this limiting case, align themselves 
with their axes parallel to the Z-axis, their rotational velocity then being 
zero. (This result would not have been obtained if the difference in 
velocity of the solvent on opposite sides of each atom had been allowed for. 
One would still find, however, that Ft, =» 0.) (64) 

Following Staudinger (7) in defining e as the concentration in submoles 
(“Grundmole”) per liter (identical in the present instance with gram- 
atoms per liter), 

c * lOOOnc' (65) 

and 


V _ cMo 

V " lOOOp 


( 66 ) 


Mo is the “molecular weight” of a submole (in this case the atomic weight) 
and p is the density of the pure liquid solute in grams per cubic centi- 
meter. Substituting in equation 63, 


?!£ s _ 0 

c lOOOp 


(57) 


For strong Brownian motion or zero velocity gradient, i.e., for small values 
of a (equation 43), substitution in equation 47 gives 

K = (Sa.r?).„. Q 



where ^ is the angle the molecule axis makes with the XZX'Z' plane. If 
all orientations are equally probable 


1^4 “ higher powers of 


(58) 


cos* th 



(60) 


Assuming for simplicity that the chain contains an odd munber (n 
2m -h 1) of atoms, 




an*.* 


fmjm -H 1)(2ot -H 1) ^ ^ 


12 


( 61 ) 
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Hence, 


^ - n) ^1 


18 


a 

1^ 


•X. J- 

* t r\c%A I 


.„) 


(62) 


and, from equations 27, 55, and 56, 




Vjp ^ 1000 p 
1 - 


3000 


Vs 1024 


+ 


■) 


TjVPa(n* - 1) /I 


Approximately, 


3000 


c 


( 


(63) 


8 1024 


24000 


(64) 


If, following Kuhn (5), one takes the volume of the molecule as that of a 
cylinder of length rd and diameter 2a, equation 64 can be transformed to 


_ rtl V 

“ WaV 


(65) 


For the special case treated by Kuhn, in which I = 4a, this becomes 



( 66 ) 


which is equivalent to his equation 38 except for a factor, 2/3, which has 
been introduced here (see equation 60) to allow for molecular orientations 
other than in the XZ plane, and except for his inclusion of the Einstein 

term,^^. 


If one takes the volume of the molecule as the sum of the volumes of n 
spheres of radius a, equation 64 leads to 


= 



(67) 


BIOID, RANDOMLY KINKED CHAIN MOLECULES 

Consider next a rigid chain molecule which is centrosymmetric and 
which has constant equal bond angles and bond distances, but is other- 
wise randomly kinked (figure 3). 

The average value of the square of the distance from the atom at the 
molecular center (the origin) to any other atom, t, according to a rela- 
tionship derived by Eyring (2), is 


(68) 
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where 

ft - 1 + + • • • + 2£*-* (69) 

and 


( = cos a 


(70) 


The included angle between adjacent bonds is («■ — a). 
The expression for Bi can also be put in the form 

1 + { n 1 . 1 

1-1 (l-«*‘f ■^(i-{V'f 

«= for large i 


(71) 

(72) 



Fig. 3. Representing a randomly kinked, centrosymmetric molecule 


For random orientation with respect to the angles <ln, with all a,- values 

equal, 

(23 a<»’?)aTe. = a cos* 23 (73) 

= |aE«J (74) 

= I I'fl 13 ft * (76) 

o 1 


the summation being over half of the chain only. Performing the sum- 
mation, one obtains 


(23 «<»■*)•«. = 


21*oB' 2 


l*oB'(»* — 2n -f 1) 
6 


(76) 


with 


B' 


(m*h) 


u 1 4{*(i - n 

mil - {)* m*(l - {)» 


(77) 


To calculate the other quantities needed for substitution into equations 
46 and 48, one chooses the X'- and Z'-axes so that the projections on the 
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XZX'Z' plane of the end atoms of the chain lie on the X-axis. Although 
this choice does not make 2 Oir* cos sin 6i equal to zero, as required 
by equation 29, it can be shown that 

CS as 6m(2 Oi?** cos sin fli)* (78) 

The error introduced in using equation 48 rather than equation 49 is 
thus negligible. One would likewise expect the inexactness of equation 
46 resulting from this choice of axes to ^ negligible. 

Kuhn (6) has calculated statistically the probability that the middle 
atom in a randomly kinked chain of (m 1) atoms is a distance Sn away 

z 



from the straight line joining the end atoms. Extending his treatment, 
one can show that the probability that the tth atom in such a chain is a 
distance Si from the line joining the ends is given by the equation 


Wsi = 


■ 3mSi 
— i) 


SmS? 


(79) 


Here is the function given by equation 69. 
manner one obtains 



Averaging in the usual 
(80) 


If one designates by ^ the angle the molecular axis (through the center 
and end atoms) makes with the X'-axis and, by 4'%, the angle which the 
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perpendictilar from the tth atom to the molecular axis makes with the 
X'V plane (see figure 4), 

7 * cos* 0^ = ((/ 2 * — (S*)*'* cos 4>m — Si cos tfii sin 0 »]* (81) 

■= (IJ* — Si) cos* ^ + 5* cos* 4>i sin* 4>m 

— 2Si(,Ri — S{)^'* cos \l/i sin cos ^ (82) 
■» {Ri ~ Si) cos*^ 4- Si •coa^^l/i- Bin* 4>„ 

— 2Si(Ri — <S*)*^*-cos ^i-sin ^ cos ^ (83) 

All values of are equally probable, hence 

cos ^i = 0 (84) 

cos* = - (85) 


The probability of a given value of is prop>ortional to cos 4>m, assuming 
random orientation of the molecules with regard to orientation relative 
to the XZ plane. Taking this into account, 


2 — 2 

cos = 3 

( 86 ) 

and 


• 2 , 1 
sm (/n, = g 

(87) 

Substituting in equation 83 gives 


s 2 2Ri Si 

r, CM », = - 3 - - 2 

( 88 ) 

=¥(•■+£) 

(89) 

Similarly, 

m 


3 • 2 

r< sin = -g 

(90) 

3 \ m/ 

(91) 


Summing, .one obtains 

C = (I: Bii + - I: Bii) (92) 

3 \ i mi / 

21*om* (B' 

3 U 3 / 


(93) 
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and 


S = 



where B' is given by equation 77 and 



/"I 4- . 6|^ 

(1 ~ \m mv m2(l — m®(l 


D 

Y)4 


(94) 

(95) 


(96) 


28 



O 2 4 G 8 lO IZ 14 IG 18 20 i OR m 

O 8 9 n Zl Z8 Z9 4» H 


Fig. 6. Variation of jB, with % and of B\ (3, and /3' with m and with n, all for 

tetrahedral bond angles 


Making the approximations that 

= Vc^s 

and 

\S 0|T*/ »v», (2 a<r*) are. 


(97) 

(98) 


one now substitutes equations 76, 93, and 95 into equations 46 and 47. 
For negligible Brownian motion. 




452 


UAtTBICB L. HXTGQINB 


Por strong Brownian motion or small velocity gradient, 


■p- It t/B' , a*B" , \ 

Fs. lam 275 / + 3450_B/ + • j 

( 100 ) 

Both B' and B" approach the value 



( 101 ) 

AS m becomes large (see figure 5). Introducing the function 


, /9 B'* 4 B"y'* 

^ \5Bi 6 B* y/ 

( 102 ) 

Equation 99 can be written 



(103) 

= 0.031lZ*a(n* - 2n + l)Bj3' 

(104) 

®= 0.031 li’on*B^ for large n 

(105) 

Likewise, putting 


9 B' 2 B"* 

^ 7 B« 7 B'B, 

(106) 

and making the approximation in the small a term that 


B' = B" = /SB, 

(107) 

equation 100 becomes 


K - yarn’s j(l + ^) 

(108) 

= 0.0324Z’a(n* - 2n + DBjS^l + 

(109) 

For large n and small a this reduces to 


K. = 0.03241WB, 

( 110 ) 


Both 5 and fi' approach imity as m increases, as shown in figure 5. 

The axes of rotation for randomly kinked chain molecules which are not 
centrosymmetrical do not, in general, pass through the midpoints of the 
chain. ^ isj therefore, smaller than for otherwise similar molecules 
which do have centers of ssunmetry. 

It is desired to find the average FL for nonnsymmetrical kinked mole- 
cules, the codrdinates of the atoms in each molecule being relative to a 
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F-axis so situated as to make the (and hence c) for that molecule a 
minimum. There seems to be no easy direct way of calculating this 
average. A reasonable approximation, however, can be obtained in the 
following manner: 

Let a quantity G' be defined by the equation 

G' = HoiMifi (111) 

in which at is the radius of the fth atom, M, its mass, and r,the distance 
from the origin to its projection on the XZ plane. For a long, straight, 
rod-like molecule, composed of n = 2m 1 like, equally spaced atoms, 
all in the XZ plane, 

G’ = 2UiMo Z i “ (112) 


Z 



Fio. 6. Ulustrating notation for a bent rod-like molecule 

Comparing this with equations 105 and 110, one notes that G' for this 
long rod-like molecule and F';,, for a large centrosymmetric kinked mole- 
cule become identical if we put ’ 

Mo = 0.1244^,1 or 0.1296B.1 (113) 

The angle between the straight lines joining the middle of a randomly 
kinked chain molecule with its two ends may have any value from 0 to a-. 
For a sufficiently long chain, all relative orientations in space of these 
two lines are equally probable, and the probability of any given included 
angle is proportional to the sine of that angle. It seems reasonable to 
assume that the' desired average Fx, for centrosymmetrical kinked mole- 
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eules is related to for umymimtrical kinked molecules in the same 
way as <?' for a straight rod-like molecule is related to the G' for a rod-like 
molecule of the same length berU in the middle (figure 6 ), taking the prob- 
ability of each bending angle as proportional to the sine of that angle 
and measuring the r values (for each bending angle) relative to such an 
origin as leads to the minimum value of G'. 

This origin is obviously on the line bisecting the two legs of the mole- 
cule. One chooses this line as the X-axis and calls the distance from the 
joint to the origin ftmi. Then, neglecting the contribution of the atom 
at the bend, 


G' = 2aJlf 0 Z n 

1 

(114) 

= 2 aMo Z (x] + ziy* 

(115) 


1 


Putting 
one gets 


= 2aAfoZ 


1 


{% — 200 cos 7 + 


i = }m 


1 



- 2/3oX cos 7 +/3o)^'* 


For large m, 

G' = 2 iaAfom* (\* 


where 




2/3oX cos y -|- 


(116) 

(117) 

(118) 

(119) 

( 120 ) 


■'i' = (1 — /3o cos 7)(1 — 2/3o cos y + /S*)*^* Po cos y 

I o* - 1.. r(l ~ cos y + plY'* — (1 — /So cos 7)1 
L Po(l - cos 7 ) J 


( 121 ) 


For any given value of 7 , values of 'i' as a function of /8 can be com- 
puted and the minimum value, ’i'nun., obtained. This varies from 1/2 
for 7 = 0 to 1 for 7 = ir/ 2 . The average value of 'i'min. , making allow- 
ance for the sin 27 probability factor, was determined graphically to be 
0.81, or (within the accuracy of the calculation) 4/5. Without the sin 
27 factor, the average was 0.80. 


Introducing the factor 4/6 into equation 104 gives, for negligible Brown- 
ian motion or large velocity gradient. 


18 Vs 


? — 2n 1) 


( 122 ) 
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Substituting this and equations 55 and 56 into equation 27, 


njp _ lOOO p 
e 


3\/5l000 


^ 3\/5 1000 ^‘®^"^' 


(123) 


3'(n-2-h^-)c 

For large n, small fc*, and small c, giving iV the value 6.024 X 10**, 

= 2.82 X 10*® B.l* an (124) 

Similarly, for strong Brownian motion or small velocity gradient, 

K, = 270 - 2n -M) (l -1- (125) 


c 


1 - 


7tN 


45000 
= 2.94 X 10*®B.l*on 


(126) 

(127) 


DISCUSSION 

Although the chain molecules which have been considered in this paper 
have been purely hypothetical, consisting of single, like atoms linked 
together, there is nothing in the nature of the treatment which would not 
apply equally well to molecules consisting of groups of atoms linked 
together, provided, if random kinking is assumed, the interactions be- 
tween these groups do not interfere with the randomness of the kinking 
and provided a suitable '^eflfective radius'^ a for the group is used. One 
must count one group per joint (not one per repeating unit), and if all 
the groups are not alike, as in vinyl polymers, for instance, one must use 
some sort of average value for a. 

It should be emphasized also that the derivations in this paper are 
based on the assumption that the contribution of each atom (or group) 
to the viscosity work is the same as if the flow of the immediately sur- 
rounding liquid were entirely unaffected by the presence of the neigh- 
boring atoms. This is, of course, untrue for actual chain molecules, in 
which the distance I between atoms or groups is not much larger (if at 
all) than the diameter of each. This may be corrected for by using for 
the effective radius, a, of an atomic group in a chain molecule a value 
somewhat smaller than its true radius. In the first paper of this series 
it was shown that approximate agreement with the empirical value for 
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the paraffins was obtained by assuming that a is the radius of a sphere 

having Hh the surface area of a cylinder having a length equal to n times 

the length per CHt observed in solid paraffins and having the diameter 
required for molecular close-packing in the liquid state. No claim of 
accuracy or of theoretical validity is made for this method, however. 
Comparisons of empirically determined values of the effective radius for 
different series will probably lead to a better method of calculation. 

It should be noted that the results for randomly kinked molecules 
differ from those for rod-like molecules in two important respects. First, 
they differ in their dependence on n, Staudinger’s empirical relation 
(proportionality between 7i,p/c and n) resulting only for kinked molecules. 
Second, they differ in their variation with the ratio q/T. This variation 
is negligible for randomly kinked molecules but very great for rod mole- 
cules. 


SUMMABY 

Theoretical derivations have been given for the previously reported 
general equation relating the viscosity of a dilute solution to the co- 
ordinates and sizes of the atoms in the component molecules, and also 
for the special equations applying to rigid chain molecules which are rod- 
like or are randomly kinked. The difficulty of determining theoretically 
the “effective radius” of a group of atoms in a chain molecule, for use in 
these equations, has been briefly discussed. 

Long, randomly kinked chains should obey Staudinger’s empirical 
“law.” Long rod-like molecules should show a very great dependence 
of viscosity on the velocity gradient in the solution. 

The assistance of Miss Dorothy Owen in making and checking many of 
the calculations for this paper is gratefully acknowledged. 
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PLASTIC FLOW OF DISPERSIONS AND A NEW APPROACH TO 
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Plastic flow and plasticity are related. The former concerns the inter- 
dependence of stress and permanent deformation. The latter, as under- 
stood in practice and as defined by the dictionary, is the property through 
which the form of a mass can be readily changed or molded. In other 
words, a body has high plasticity if it can be greatly deformed without 
excessive rigid resistance. To define plasticity more exactly, it is necessary 
to possess a law of plastic flow, analogous to that of elastic flow. The 
measurement of plasticity on the basis of such a law and the analysis of the 
factors that determine plasticity constitute the subject matter of this work. 

Examples of the substances considered are greases, fats, pastes of clay, 
lime, and cement, and cement mortars. These substances consist of a 
solid phase that is dispersed in a liquid to give a thick mass. We shall 
therefore refer to them as dispersions, but the sense of the word is wider 
than is customary in colloid chemistry, as coarse-size as well as colloid-size 
dispersoids are included. 

At first glance it might appear that the definition of plasticity cited can 
not apply to dispersions, for the reason that Theologically these are liquids, 
not solids. Actually, however, dispersions of the kind considered possess 
rigidity, however small this may be in extreme cases. The ori^ of the 
rigidity is structure of the disperse phase, which is discussed in a separate 
section. 

Owing to their solid character, dispersions interpose a resistance to plastic 
displacement of the elements of structure, which is the minimum resistance 
that must be overcome for continued deformation or plastic flow. In 
addition to the plastic resistance, there is a viscous resistance to be over- 
come, which increases with increase in rate of deformation but can theo- 

* Presented before the Division of Colloid Chemistry at the Ninety-sixth Meeting 
of the American Chemical Society, held at Milwaukee, September, 1938. The sub- 
ject matter was also presented before the 1135th Meeting of the Philosophical So- 
ciety of Washington, April 23, 1938, and an abstract has been published (J. Wash. 
Acad. Sci. 28 , 384 (1938)). 

* Published by permission of the Director, Bureau of Mines, U. S. Department 
of the Interior. (Not subject to copyright.) 
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retically be reduced to zero by infinitely slow rate of deformation. Our 
interest in this work is solely in the fixed plastic component of resistance. 

Plastic resistance is prominently encoimtered in the technical operations 
of shaping, molding, squeezing, and extrusion, — ^in fact, in all operations 
in which a change of form takes place. The change of form, or plastic flow, 
is calculated as a sum of infinitesimal displacements of an incompressible 
cylinder, down or up and outward, each equal to 

dv = a dh + h da = 2a dh 

where a is the area and h the height or thickness of the mass. The total 
plastic flow is 2J'^ a dh. For the case in which all elements of the original 
volume partake of the complete displacement, the total plastic flow, by 
integration, is ±4.605t;o log ht/h, where Vo is the volume, a plus sign indi- 
cates compression, and a minus sign indicates tension. 

This formula for extent of plastic flow is general. It can be made ap- 
plicable to complex operations by figuratively replacing these by an 
equivalent simple operation of compression (very rarely, tension). Thus, 
extrusion of a mass of volume vo and of diameter do through an orifice of 
diameter d can figuratively be carried out by compressing the mass in a 
succession of small steps in two alternate perpendicular directions imtil 
the diameter has been reduced to d, then slipping the reduced mass through 
the orifice. The total plastic flow is then given by twice (for two direc- 
tions) the expression above, with do and d replacing ho and h, respectively. 

We have investigated the plasticity of dispersions as regards compressive 
stress. The question as regards other stresses is not considered; in the 
first place because the dispersions are not able to withstand any appre- 
ciable tensile or shearing stress, and in the second place because compres- 
sion is the principal stress of technologic interest. Our results pertain to 
all operations with dispersions in which a compressive stress is perceived to 
enter. 

Properties that differentiate dispersions of the kind enumerated are as 
follows: elastic limit is extremely small and there is no elastic after-effect; 
response to compressive stress is very rapid, and the final plastic deforma- 
tion characteristic of the stress is ordinarily reached quickly. 

A material may be soft as regards very small deformations, but may re- 
quire much pressure for extensive deformation. The latter pressure we 
consider to be related to the property of plasticity. The distinction be- 
tween mere softness and the plasticity of dispersions is illustrated by the 
following comparison between a clay paste and a paste of quartz powder. 
The former appears dry and stiff; the latter appears wet, and its softness is 
shown by the fact that it slumps under its own weight. It might from 
these observations be inferred that the quartz paste is more plastic than 
the clay paste. However, this is knovm not to be the case. The actual 
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higher plasticity of the clay paste is shown by the fact that it spreads out 
extensively with only moderately more stress required at the end than 
when spreading was commenced. In attempting to spread out the quartz 
paste, however, a very considerable resistance is experienced. If we at- 
tempt excessively to force the flow, the quartz paste ruptures. 

It is very likely because of the tendency of a poorly plastic material to 
rupture during plastic flow that strength or cohesion is frequently made 
the measure of, or included in the definition of, plasticity. We should 
prefer, however, to define plasticity solely in terms of resistance to exten- 
sive deformation and to consider cohesion as a separate property. This 
separation of properties is logical, because even though cohesion and ease of 
deformation are more or less associated, as we shall see, nevertheless they 
are far from being in perfect relation to one another. It will be shown that 
it is possible for two substances to have nearly the same plasticity but a 
quite different cohesion. 

The idea of measuring ease of deformation under load underlies innumer- 
able devices for assessing plasticity. The most common of these is prob- 
ably the familiar needle or rod which is allowed to penetrate a plastic mass. 
A different type of apparatus is the well-known flow’ table. Or, again, a 
mass is squeezed bctw^een two plates and the spread of the mass is noted. 
The principal defects of these devices are that they are not well defined for 
theoretical analysis and are arbitrary, as usually attention is focused on 
only one or two deformations, histead of all possible values. However, 
the approach is well founded, as ease of permanent deformation under 
stress is the measurement that is aimed at. 

A second type of procedure, wdiich has been applied particularly to clays, 
attempts to measure cohesion as a measure of plasticity. A plastic mass 
is compressed between two plates until cracks appear, or a string of material 
is extruded and the length of the broken piece measured, or a bar is twisted 
until it breaks. On the basis of a correct characterization of plasticity, 
the measurement of cohesion, while not without justification, is indirect 
and improper. 

Even less direct are other methods that have been advanced, again 
particularly for clays. These include measurement of the amount, range, 
or retention of mixing water, the shrinkage, the dry strength, and the 
adsorption of water vapor or dyes. The basis of these procedures is the 
measurement of a property that varies more or less in the same manner as 
ease of deformation. 

A method that has been widely followed in certain scientific circles com- 
prises estimation of plasticity on the basis of results obtained from the 
measurement of viscous resistance. Bingham (1), who originated the 
procedure, concluded that the viscous flow of clay pastes through capillary 
tubes did not take place until a certain stress, the yield value, had been 
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exceeded, and that thereafter the shear-rate of shear curve was linear. 
However, Van Nieuwenburg (20) points out, in sununary, that this ideal 
relationship is not true, but that the sheai^rate of shear relation for dis- 
persions is curvilinear (at least at the lower viscosities). Therefore the 
method of Bingham is impaired. More importantly, however, the method 
has faced serious difficulty in attempting to characterize the property of 
plasticity (cf. reference 2). 

Fundamentally, the reason for the difficulty lies in the fact that basing 
plasticity on measurement of viscosity is wrong, because the wrong vari- 
ables are used. Plasticity depends on actual deformation, not on rate of 
deformation or rate of shear. Therefore a technique based on measuring 
the rate of shear does not meet the issue and may be expected to be fruit- 
less in promoting our knowledge of plasticity. 

The complicated viscosity relationship for dispersions led McMillen (17) 
to emphasize the influence of thixotropy on the results obtained. This 
idea has recently been considerably advanced by Goodeve and Whitfield 
(11), who abandon altogether the unreal attempt to associate plasticity 
and viscous resistance. We may expect further development of the study 
of thixotropy (rather than plasticity) by viscosity measurement, insofar 
as the latter is not carried out as an end in itself. 

In the present approach to plasticity based on measurement of deforma- 
tion, differences in rate of deformation, or viscous effects, will affect the 
results for plasticity. However, our experience shows that the viscous 
effects are ordinarily small and may be neglected. 

EXFEBIUENTAL 

Measurements were made of the contiuuous deformation of a cylinder of 
specimen while under a uniformly increasing compressive load. In the 
apparatus shown in figure 1 the stress is transmitted through a transmit- 
ting system, comprising a cup, stem, and disk, by fine lead shot flowing at a 
steady rate into the cup. As the cylinder of specimen, which consists of 
20 to 60 g. of material, flows out plastically between the two thin plates 
between which it is completely contained throughout, a record is auto- 
matically made of the height of the cylinder on millimeter coordinate paper. 
For writing the record a fine ruling pen is used, which passes throng a 
sleeve in the stem and is lightly held against the coordinate paper by a fine 
spring. The drum to which the paper is fastened is rotated by a self-start- 
ing synchronous clock motor. The rate of delivery of shot being known 
in terms of the linear movement of the paper, the record on the latter 
provides a relationship between height and load. To obtain a zero of 
reference, a fidudaiy line is ruled on the coordinate paper with the disk of 
the transmitting system resting on the two thin plates. 

To reduce the initial load on the specimen, the transmitting system was 
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made of laminated Bakelite and the square stem was hollowed out. Like- 
wise the upper thin plate was made of Bakelite (the lower plate being of 
glass). 

The metal tube through which the lead shot flowed was electrically 
vibrated to promote evenness of flow, which was tested for. At the caul of 
each experiment the cup and its content of shot were weighed to determine? 
c'xactly the rate of flow of shot. The shot was delivered throeigh a glass 
nozzle, the end of which fitted into a rubber-hose connection and was 
flared. 

All powders were in the air-dry slate. In the preparation of past(‘s and 
mortars, troweling with a spatula ^^as (*arri(‘(l out for 2 min., after wetting 
by the added liquid. The quantity of liquid is given in percentage, which 
is equal to cubic centimeters ])er 100 g. of solid. 



Fig. 2, Mold and parts 

Specimens were molded in the apparatus shown in figure 2. The cylin- 
drical mold, which had a taper of 1 in 20, was tightly held by flat springs 
to a smooth Bakelite base (to minimize loss of liquid in the mix). Aft(‘r 
all contact surfaces were thinly oiled, the material was added to th(‘ mold 
with squeezing and puddling so as to fill the mold completely aiul to a\'()id 
as much as possible entrainment of air bubbles. Aft(*r tin* mold was 
filled, the base was tapped a few times against the table top to consolidate 
the mass. The springs holding down the mold wore ndeased and jiuslujd 
aside, and the top of the mold was leveled off with a s])atula. The in- 
verted mold, which rested on the glass plate, was carefully lifted away from 
the specimen with the aid of the retaining disk shown in figure 2, and the 
disk was slightly twisted and slid off the specimen. Manipulation, or 
shearing if m^cessary, with a glass fiber was often useful in the latt(‘r opera- 
tion. 

The finished sp(‘cimen naturally was not a perfect cylinder. This im- 
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perfection was one of the errors of the experiment which will be considered. 
At times the iSnished specimen slumped markedly imder its own weight. 
However, the initial height of the specimen was necessarily taken to be the 
height of the mold, while the initial diameter was taken to be the mean 
diameter of the mold. 

In begimiing an experiment, the specimen resting on the glass plate was 
transferred to the apparatus, carefully centered beneath the disk of the 
transmitting system, the oiled Bakelite plate placed on the upper surface 
of the specimen, and the loading system carefully brought to rest on the 
specimen after releasing the set screw. With the electric vibrator turned 
on, the flow of shot and rotation of the drum were started simultaneously. 
The loading time was 4 min. or less under the usually preferred condition 
of a rate of shot of 1000 g. per minute, a diameter of specimen of about 28 
mm., and a height of about 25 mm. (the preferred rate for petrolatum and 



Fio. 3. Normal type of experimental curve 

lanolin was less, and the preferred specimen for mortars was wider in pro- 
portion to its height). The initial load in our experiments was by direct 
measurement 110 g., while the final weight totaled up to 4000 g. 

EXPERIMENTAL DEFORMATION CtTRVES 

The normal type of curve obtained experimentally is shown in figure 3, 
in which the ordinate is the height of specimen and the abscissa the time of 
continuous loading. The rate of ioad^g being known, the time is equiva- 
lent to the load. 

The vertical distance OA or OB represents the initial decrease in height 
of the specimen from its original hei^t. The initial decrease is due to the 
initial load, which consists of half the weight of the specimen plus the 
weight of the transmission system. The initial decrease is quickly at- 
tained and ordinarily does not vary with the time. As loading proceeds, 
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the hdght of the specimen follows hyperbolically along ACX or BDCX. 
Wete there no initial load, the curve would follow along ODCX. 

If one plots, as shown in figure 4, log h against log g, where h is the height 
of specimen and g the load, a straight line is obtained over a more or less 
wide range. From this line one may calculate the constants of plastic 
flow. The curvilinear parts AC and BDC of the plot, occurring at small 
loads, represent partly unavoidable experimental deviations, which we 
shall call, respectively, type I and ts^pe II initial deviations. Type I 
deviation is due to the effect of the initial load. Owing to the initial load 
being static, it causes a greater deformation than the same load dynami- 
cally applied, as will be seen later. Type II deviation is also due partly 
to the effect of the initial load (portion BD) but primarily to entrained air 
bubbles (portion DC). These air bubbles cause the specimen to appear 



Fig. 4. Plot for deterouning constants of plastic flow 

relatively tall near the beginning compared to later when they have been 
substantially squeezed out or flattened out, so that as a restdt portion DC 
of the initial deviation lies above the extrapolated log Wog g line of 
figure 4. 

Type I deviation usually occurs in the case of fairly fluid dispersions, 
such as pastes containing much added liquid, and in the case of compsua- 
tively non-plastic dispersions such as mortar. Type II deviation usually 
occurs for thick materials such as grease or fairly stiff clay pastes that tend 
to occlude air, which occlusion is indeed observable to the eye. 

The extent of deviation AC or BDC is variable; in general, it is greater 
the stiffer the material, that is, the less it flows plastically under a given 
maximum load. When the dispersion is quite stiff, as when the amount of 
liquid is small, the initial deviation may constitute almost all of the ob- 
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served plastic flow. In this case it will be virtually impossible to decide 
which of the experimental points should be included in the linear part of 
the log ft-log g plot, and which should be neglected as belonging to the 
initial deviation. To answer this question one of two expedients may be 
followed. The first is to increase the total deformation, either by increas- 
ing the rate of loading and thus the total load or by decreasing the cross- 
sectional area of the specimen. This is the only expedient when the dis- 
persion is fixed. On the other hand, if the dispersion is prepared, as when 
a liquid is added to a powder, uncertainty as to the initial deviation in the 
case of too stiff a paste may bo overcome in a second w ay, by plotting the 
curv^e for other, more fluid, pastes of the same powder. The principle is 
then applied that the log h dog g lines are parallel for different dispersions 
of the same solid and liquid. In the case of the more fluid pastes, the 
initial deviation is r(*latively small and easily corrected for, so that the 
resulting linear log A-log g plot serves as a good guide for the plot for the 
stiffest pastes. A series of such disix>rsions of the same material is usually 
necessary in evaluating plastic constants of poorly plastic materials such 
as mortars. 

Other types of experimental deformation curves, less generally encoun- 
tered, arc shown in figure 5. Discontinuous plastic flow is characterized 
by flow taking place in slips, each of w^hich follows a period of non-flow 
with increasing stress. The aqueous paste of hydrated lime provided an 
outstanding example. Discontinuous flow' as a rule w^as exliibited by 
lyophobic dispersions (which are ordinarily thixotropic), such as quartz 
or calcium carbonate dispersed in kerosene, or calcium carbonate dispersed 
in aqueous sodium oleate solution. 

In the case of discontinuous plastic flow*, if one considers the height of 
specimen and the load at a point immediately following a slip, the same 
linearity of the log A-log g plot is obtained as for continuous flow. The 
dotted curve of figure 5 show^s the curve of continuous flow' that is equiva- 
lent to that of discontinuous flow'. 

Elements of discontinuous flow' are occasionally interspersed in continu- 
ous flow, particularly at the smaller deformations. This peculiarity for a 
given solid phase is most noticeable for the more fluid pastes and tends to 
disappear when the paste is stiffer. Ball clay (English) provided an 
outstanding example of partial discontinuous flow'. When the rate of 
stress was greatly decreased, the partly discontinuous curv^e for the ball 
clay became a quite discontinuous curve. 

As for the discontinuous-flow' curve, experimental points of the partly 
discontinuous curve taken immediately after slip give a straight line in the 
log A-log g plot. Near a discontinuity no experimental points other than 
those immediately following the slip should be considered. 

A second abnormal type of plastic-flow' curve is that in which the flow 
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suspends after a certain extent of deformation. This type of curve was 
given by Portland cement paste and by the less plastic pastes of non- 
plastic kaolin and silica when they contained a large excess of mixing water. 
Naturally only the flow part of the curve can be used in calculating the 
plastic flow constants, but a reservation should be made as to the type of 
flow. 

Finally, a type of curve has been encountered in which the cylinder of 
material fails mechanically during flow. The failure is characteristic of 



Fig. 5. Abnormal types of experimental curve 


cement mortars, which are among the least plastic and least cohesive of 
any of the materials considered. 

It will be observed in comparing the top and bottom curves of figure 
5 that a resemblance exists between discontinuous and failing flow. If the 
latter is accompanied by a period of discontinuous flow preceding failure, 
some difficulty may be experienced in distinguishing the type of curve. In 
such a rare instance the answer will be found in the physical character of 
the dispersion. 

We now consider briefly the precision of fit in a linear log A-log g plot. 
Values of h were read from the experimentally obtained curve of plastic 
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defonaation to ±0.1 mm. with the aid of a magnifying glass. In plotting 
a curve, a set of values of h corresponding to approximately equal intervals 
of log g was taken. Data are given in table 1 for typical dispersions. The 
values of log h in parentheses belong to the initial deviation and so were 
not considered in determining the linear plot. A minus sign indicates that 
the deviation is of type I, and a plus sign that it is of type II. Discon- 
tinuous flow is represented by hydrated lime, suspension of flow by Port- 
land cement, and failure during flow by the cement mortars. Parentheses 
in the case of Portland cement surround values belonging to the region of 
suspended flow. 

The precision of fit was estimated by noting the deviation, A log h, be- 
tween the experimental values of log h and the corresponding values taken 
from the best straight line through the points. The deviations are seen 
to be plus and minus at random. The average deviation varied from 
±0.1 to ±1.5 per cent and for many typical specimens was ±0.6 per cent. 

LAW OF PLASTIC FLOW 

The law underlying the observed linearity in a plot of log h against log g 
may be expressed as follows: 


, = dp/P 
dv/vo 


( 1 ) 


In this equation p is the applied compressive stress, »o the volume of speci- 
men, and d» the differential volume of plastic flow corresponding to an 
increment of pressure, dp. « is a dimensionless constant which measures 
the rate of increase in plastic resistance accompanying continued plastic 
flow. K has therefore been called the coefficient of lenitence (from renitens 
— resistant). 

Since 


dw = — 2vo “7" 
fi 

equation 1 may be written (overlooking the factor 2) 

If = 

dh/h 

Integration leads to the relation 

, = ^QgP/P« 
log he/h 


( 2 ) 


(3) 


In equation 3 ho is the initial height of specimen (height of the mold 
in which it is formed). Constant po is evidently the pressure which must 
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just be exceeded for plastic flow to commence; therefore po is properly 
called the yield value. Frequently one-half the weight of the specimen 
itself is greater than po, and the mass therefore slumps as soon as it is 
removed from the mold. 

K and Po in equation 3 are the two fundamental constants of plastic 
flow of a dispersion. 

As load g is the experimental variable, it is desirable to determine the 
plastic flow constants directly in terms of g and h instead of p and h. 
This may be done by a simple transformation of equation 3. Since g 
is equal to po, and ah is equal to OoAo, the following relation holds: 

log p/p« = log gfga + log h/hf> (4) 

Substituting from equation 4 into equation 3 we obtain 


V 4- 1 = 

^ \ogh/h 


(5) 


Equation 5 furnishes the basis for experimental determination of th© 
plastic flow constants of a material. The negative slope of the straight 
line obtained in a plot of log h against log g is equal to »c -|- 1. Constant 
ga is obtained, as shown in figure 4, by extrapolating the straight line back 
to its intersection with log h = log ho (or the intersection may be deter- 
mined by calculation). Yield value po is given by the ratio go/ao, where 
ao is the initial mean area of the specimen. Instead of g, one may em- 
ploy p calculated from point to point. The same results are obtained 
for K and po, only more laboriously. 

The precision of the plastic flow constants themselves naturally will 
be less than the precision of fit in a log A-log g plot. The additional 
errors are due to inaccuracy in preparing the specimen, to variation of 
temperature, and to effects of the initial deviation. 

Separate determinations of the plastic flow constants were made over 
a period of many months. For typical materials the average deviation 
in K ranged from ±1.5 per cent to ±10.2 per cent, averaging ±4.9 per 
cent, and in po from ±4.2 per cent to ±11.7 per cent, averaging ±7.3 
per cent. Much of the deviation obviously was due to fluctuation of 
temperature, which ranged from 25® to 30®C. 


PROPORTION OF PHASES, LIQUID RETENTION, AND STANDARD YIELD VALUE 

The coefiBcient of renitence, k, is significantly independent of the pro- 
portion of the phases. This is shown by the parallelism of the different 
log h-log g lines for dispersions of a given solid phase with different 
percentages of the same liquid. In a few cases the best straight lin<« of 
the log fc-log g plot could not be drawn quite parallel. The deviation 
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was small, however, and was most probably due to experimental error, 
so the values of k were averaged to give a value characteristic of the 
system. 

Yield value, po, decreases, it is found, with increase in percentage of 
liquid in the dispersion, as is to be expected. Moreover, a definite rela- 
tionship holds between yield value and liquid content, as shown in figure 6, 
where a str^ht line is seen to be obtained when log po is plotted against 



Fio. 6. Showing the linear relationship between log po and w 

w, the percentage of mixing liquid (expressed as cubic centimeters per 100 
g. of solid). The relationship may written 

Po = aer^ (6) 

The closeness with which equation 6 is obeyed is given by the mean 
deviation in w, which ranged from ±0.2 per cent to ±1.0 per cent, and, 
for typical ssrstems, averaged ±0.6 per cent. 

A characteristic property of a dispersion is the volume of liquid that is 
necessary to brii^ it to a practicable consistence. The liquid thus re- 
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quiied is often referred to as the liquid retention. We shall define liquid 
retention, L.R., quantitatively as the percentage of liquid that is retained 
by a dispersion at a specified srield value of reference. The latter, as 
indicated by the data of %ure 6, is conveniently chosen as 10 g. per square 
centimeter. 

The reciprocal of L.R., or the sdeld value at a given percentage of liquid 
phase (unspecified in this paper), may be called standard 3deld value. 
A large standard yield value implies a large value of L.R., and vice verm. 

RELATION OP CONSTANTS TO SOFTNESS, PLASTICITT, WORKABILITY, 

AND COHESION 

A number of adjectives are commonly employed to describe the char- 
acter of a dispersion. These may be given quantitative significance by 
means of their relation to the constants of plastic flow. 

One changes the consistence of a dispersion by change in its liquid con- 
tent, making it softer by increase and stiffer by decrease in the propor- 
tion of liquid. Likewise, constant po varies with the proportion of liquid, 
and, moreover, being the yield value, it is also a measure of the stress 
required for very small deformations. Therefore consistence, softness, 
and stiffness are qualitative aspects of po, consistence being the general 
term, “soft” signiTying low yield value, and “stiff” high yield value. 

Plasticity and renitence refer to the plastic resistance to large deforma- 
tion. A dispersion that is plastic requires little stress for extensive 
plastic flow, but one that is renitent requires much stress. In what follows 
it is demonstrated that constant k is an inverse quantitative measure of 
plasticity (and, conversely, a direct measure of renitence). 

Equation 3 may be written in the following form:* 



Equation 7 shows that the stress increases exponentially with the degree 
of deformation. Both po and k are parameters of the equation, but since 
K is the exponent, it is of prime importance in determining the stress at 
large deformations. In fact, regardless of the value of po, the dispersion 
with the greater value of k will eventually require the greater stress for a 
sufliciently large deformation. The origin of #c as an inverse measure of 
plasticity is therefore proved formally. 

The same conclusion as to the significance of <c is arrived at by practical 

* After this study of dispersions had been completed and equation 7 discovered, the 
writer learned of a paper by Bogomolova and Kunin (3), in which the same equation 
was found to express the plastic flow of polycrystalline lead in compression. The ex- 
ponent had the same magnitude whether the stress was applied slowly or suddenly. 
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test. The fixed organic dispersions of table 2 , and the prepared pastes 
of clay and lime of table 3, all had a value of k of about 1 or less. On 
the other hand, k was much larger for the patently less plastic materials. 


TABLE 2 

Plastic flow constants of organic disperse substances* 


mSPXBfllON 


V9 

Lanolin, anhydrous 

1.30 ± 0.02 

0.42 d= 0.03 

Petrolatum 

0.44 db 0.02 

1.44 ± 0.12 

Cold cream 

0.94 db 0.04 

1.70 0.2 

Cup grease 

0.80 =b 0.02 

5,4 ±0.4 

Shortening 

0.61 =b 0.03 

12.6 ±0.8 

Fiber grease 

0.59 0.06 

25.9 ± 1.1 


' K coefficient of renitence; p© =* yield value in grams per square centimeter. 


TABLE 3 

Plastic flow constants of aqueous pastes and mortars* 





8BDXMXNTA- 





DXBPXB8XON 

K 


WON VOL- 


Po 






VlIB 







p«r 

cent 

ee. per graw 

! grame per cqucre centimeter 


Hydrated lime 

Dolomitic 

0.63 

83.1 

3.7±0.1 

10.9., .( 

26.279,0 

66 . 7 ,, , 

jl48.0oo.o 

1 

hydrated lime . . , 

1.24 

78.0 

2.9±0.1 

3.990.0 

6.6sj 6 

13 . 679.0 


Dark ball clay 

0.97 

75.4 

2.4±0.0t 

13 . 872.0 

22 . 898 . 0 

34.0e4.o 

52.2fo.Q 

Light ball clay — 

0.82 

69.4 

2.6±0.1t 

8.372.0 

I 2 .O 08.0 

16 . Oeo . 0 


Plastic kaolin . ... 

0.93 

66. li 

3.1±0.1 

12.7,4.. 

15.2o2.9 

24.0,. . 

35.1.4 . 

Non-plastic kaolin. 
Crystallized cal- 

2.4 

56.3 

1.6±0.0 

4.5«o.o 

1 

9 . 897.0 

14.994.0 

32 . 3,0 0 

cium carbonate. . 

6.9 

47.3 

1.1±0.0 

0.01290.7 

0.20„., 

1.67,0 0 


Quartz powder — 

10.4 

28.4 

0.8±0.0 

0.0020,1.7 

O.O 2 O 1 O .8 

0. 04380.0 


Portland cement. . 

1.17 

29.2 

1.0±0.0 

4.5i9.o 

5.7if.o 

7.9ii.o 


1 :2 cement mortar. 
1:2.6 cement mor- 

6.3 

17.0 



3.5i8.« 

6 .O 17.8 

11.7u., 

tar 

22 

14.9 


0.3i8.o 

0.4i7.f 

0 . 817.8 

1 .4i7.0 
1.4i9.t 


1 : 3 cement mortar . i 

38 

13.6 


0.9ie.7 



*ic « coefficient of renitence; L.R, — liquid retention; p© * yield value (subscript 
is percentage of mixing water). 

t The low value is due to incomplete deflocculation of the clay. 


It was 2.4 for non-plastic kaolin, 6.9 for the less plastic calcium carbonate 
paste, and 10.4 for the obviously still less plastic quartz paste (table 3). 
In the case of cement mortar, k increased from 6.3 for the mortar contain- 
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ing least sand to 38 for the much less plastic mortar containing most 
sand. 

With K less than about 1, qualitative differences in plasticity could not 
be detected. However, there is no reason to suspect that the meaning of 
K is essentially any different here than at the higher values of «. Thus, 
empirical test with the Emley plasticimeter (made by J. E. Conley of this 
Station) and other indications revealed that the dolomitic lime was much 
less plastic than the hydrated (high calcium) lime, which is in agreement 
with a value for k of 1.24 for the former and of only 0.63 for the latter. 

The smaller k is, the greater by equation 7 is the initial range of de- 
formations over which the magnitude of po has a significant bearing on 
the stress. As a result, when k is less than about 1, a prominent charac- 
teristic of dispersions is their softness or stiffness. Thus the stiffness 
of the fixed dispersions of table 2 increased in the order given, which is 
also the order of increasing po. However, as po for these dispersions could 
be arbitrarily varied, the order is adventitious. Therefore, regardless 
of the consistence, one compares the inherent property of plasticity, and 
notes that fiber grease with k equal to 0.59 is more plastic than cup grease 
with K equal to 0.80, while lanolin with * equal to 1.30, in spite of its 
considerable softness, is least plastic of ail, as was indicated by its com- 
paratively “tough” reaction to pressure. Such comparisons of k, how- 
ever, should not minimize the importance of correct adjustment of po for 
any material. 

When K is zero, a stress equal to the yield value will cause plastic flow 
to continue indefinitely. We then obtain the perfectly plastic substance 
referred to by Nadai (19). No such substance has been observed in this 
study, the smallest value of k being 0.44 for petrolatum. 

Consistence and plasticity are contributory properties; workability, 
however, is an ultimate property which determines the feasibility of 
operathig with a dispersion. Workability is compounded of consistence 
and plasticity. In order for a dispersiou to be workable, it must be both 
sufficiently soft and plastic. For example, regardless of high plasticity 
of the system clay-water, in order for it to work properly it must be 
softened by the addition of suflScient water. Furthermore, the disper- 
sion must be sufficiently plastic, else the stresses that are built up during 
plastic deformation will be excessive, either taxing the operator or caus- 
ing rupture of the material, or both. 

However, po and k are not of equal value in determining workability. 
Because of its exponential character, « is of generally greater significance 
in determining the stress at practical deformations, although the par- 
ticular magnitude of po may carry considerable weight. Beyond this, 
however, po is readily altered by a mere change in proportion of the phases, 
whereas k caimot be changed without changing the character of the 
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Tetl of f acton determining plasticity and cohesion* 
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coefficient of renitence; L.R, = liquid retention; =» yield value (subscript is percentage of mixing water), 
surement on finely ground clay. 
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B 3 rstem. Therefore, k, or plasticity, is fundamental, while po, or consist- 
ence, is incidental. 

Having considered k and po, we now consider the relations and s^ifi- 
cance of L.R. The data in tables 3 and 4, when plotted as in figure 7, 
show that K and L.R. vary in the same way (the correlation coefficient 
between log k and L.R. was —0.76). This result agrees with a well- 
known empiricism to the effect that the greater the liquid retention, the 
greater the plasticity. 

As indicated, the relation between L.R. and k is not uniform; two sub- 
stances may have equal values of k but quite different values of L.R. 
Investigation of such irregular cases leads to the conclusion that L.R. 
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7. Showing that a relation exists between L,R. and k 


is a measure of cohesion, or, by equivalence, of elongation, or resistance 
to rupture; also of stickiness, as a cohesive dispersion is as a rule also 
sticky. This conclusion is demonstrated in the comparisons that follow. 

Cohesion of a paste was estimated crudely, but as two or more pastes 
were compared at one time and as only large differences were considered, 
the procedure was sufficient. Observations were made as to whether the 
maps climg together or tended to break up into small masses; the traction, 
and the amount and outward extension of the material adhering to a 
spatula or glass rod, were also observed. 

It was soon learned that L.R. could be compared only for dispersions 
for which k was about the same, so this procedure was followed. Quartz 
powder made up with a solution of 0.1 per cent oleic acid in kerosene, 
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Portland cement paste, and the paste of dolomitic lime hydrate all had 
nearly the same value of k , — about 1.2 (tables 3 and 4), — and accordingly 
they were all plastic. However, L.R. was unusually low for two of the 
three, being, respectively, 30.6 per cent, 29.2 per cent, and 78.0 per cent. 
It was easy to see that, corresponding to its relatively high L.R., the 
dolomitic lime had a much higher cohesion and stickiness than either of 
the two other dispersions. Attention should be drawn particularly to the 
quartz dispersion, which was “smooth” and “buttery,” as would be ex- 
pected from its low value of k; at the same time, however, a poor cohesion, 
or brittleness, corresponding to the relatively low L.R., was apparent. 
In other words, the quartz dispersion could be worked satisfactorily but 
only with great care. 

The paste of calcium carbonate and water, and the 1:2 cement mortar, 
also had about the same value of k, about 6.5. However, L.R. for the cal- 
cimn carbonate was 47.3 per cent, but for the mortar only 17.0 per cent. 
Corresponding to its lower L.R., the mortar was less cohesive, as shown 
not only by its behavior directly, but also by the fact that it failed me- 
chanically during test, whereas the calcium carbonate paste did not. 

Dispersions of calcium carbonate and of quartz in kerosene had about 
the same value for k, namely, about 2.5. L.R. for the carbonate was 70.0 
per cent, but for the quartz only 32.5 per cent (table 4). The correspond- 
ing greater cohesion of the calcium carbonate w'as easily apparent. 

With L.R. at 70.0 per cent, the dispersion of calcium carbonate in 
kerosene might have been expected, were L.R. alone considered, to show 
as much cohesion as the clays or plastic kaolin of table 3. Actually it 
was much less cohesive. To explain this it will be noticed that /c for the 
calcium carbonate was 2.7, whereas for the clays and kaolin it was less 
than 1. This result indicates the importance of making comparison at 
approximately equal values of k. It shows also that a given value of 
L.R. will represent a smaller cohesion the greater the value of k. 

It was ascertained that dark ball clay (table 3) was more cohesive than 
light ball clay, and that this in turn was more cohesive than the plastic 
kaolin. Hie values of k being about the same, the differences are ex- 
plained, as usual, by the respectively decreasing values of L.R. How- 
ever, hydrated lime, contrary to what would be expected from its low k 
and high L.R., had an apparent cohesion more like the plastic kaolin 
than like the bail clays. Pending further investigation, this deviation 
may be attributed to the fact that the lime exhibited discontinuous plastic 
flow, whereas the clays and kaolin exhibited essentially continuous flow. 
Naturally a difference in the type of flow will affect comparison when this 
is close. 

From the experimental results the following conclusion, subject to 
effects due to t 3 rpe of flow when compuison is close, appears to be justi- 
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fied, namely, that L,R, is a measure of the cohesion or stickiness of a dis- 
persion, provided that comparison is made at approximately equal values 
of K, The higher L.R, is, the greater is the cohesion. 

It is to be noted that the dispersions that exhibited the anomaly of a 
low K and a low, instead of a high, L.R. (quartz with a solution of oleic acid 
in kerosene and Portland cement with water) were those in which the solid 
phase was coarsely divided. It appears therefore that while, by proper 
choice of liquid phase, a coarsely divided solid phase may be made to 
yield a dispersion that is plastic, it will not yield one that is at the same 
time cohesive. Cohesion appears therefore to be peculiarly a function 
of particle size, that is, of dispersity of the solid phase, and a high cohe- 
sion appears to require a finely divided solid phase. 

A property observed to be related to L.R. was the specific volume of 
the^ mass. Dispersions with high L.R. gave relatively voluminous masses, 
and vice versa. The correlation is understandable when one remembers 
that by definition L.R. represents simply the volume of liquid per unit 
weight of solid, so that a high L.R. would be expected to result in a dis- 
p)ersion of high specific volume. 

THEORY OF PLASTIC FLOW OF DISPERSIONS 

A theory of plastic flow has been developed that is Imsed on considera- 
tion of the structure of the disperse phase, the process of plastic flow, and 
the nature and effect of the forces acting between the particles of dis- 
perse phase. Deductions based on the theory have been found very 
satisfactory in explaining results obtained and in predicting plasticity. 

A schematic representation of the disperse structure before plastic 
flow has taken place is shown in figure 8 (a), in which for simplicity the 
particles are regarded as rectangular parallelepipeds. The structure is 
the same as that usually considered to describe the flocculated state. 
The structure is held together by the forces of attraction between the 
particles of disperse phase, and these forces of attraction are responsible 
for the rigidity of the dispersion. The attraction occurs in a random way 
mainly at comers and edges. 

Initial rigidity, or yield value, is determined by the sum total force of 
attraction between the particles at the initial mean distance of separation 
of the particles corresponding to the arbitrary proportion of liquid. When 
the percentage of liquid phase is increased, the distance of separation is 
increased. This results in decrease in total force of attraction and hence 
a decrease in yield value, as observed. 

Standard yield value, like yield value, is determined by the sum total 
force of attraction, but at a specified liquid content of reference. Since 
L.R. (liquid retention) varies proportionately with standard yield value. 
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it may be considered to be determined also by the total force of attrac- 
tion at a {pven liquid content of reference. 

Druing plastic flow we conceive that the initial configuration a of figure 
8 changes over into configuration b.* The latter configuration differs 
from the initial one in two respects. In the first place the particles of 
disperse phase are forced relatively close together in the direction of the 
unilateral stress. This is indicated in the case of coarse dispersions by 
the well-known laminated structure of impurities and of air bubbles in 
plastically compressed pastes. In the case of colloidal dispersions it is 
shown by the Brewster effect, or double refraction induced in an amor- 
phous mixture squeezed between two plates, an effect which is interpreted 
(5) as resulting from the molecules (colloid particles) being forced rela- 
tively close together in the direction of the compressive stress; moreover 



(b) 

Fio. 8. Schesaatic representation of structure of dispersion: (a) before plastic 
flow and (b) after plastic flow. 

it is indicated by the lenticular shape (14) taken on by air bubbles in 
gelatin that has been plastically deformed in compression. 

In the second place, structure b differs from structure a in that the 

* It is the excess free space associated with the flocculated state that makes 
plastic flow at all possible. If the particles were densely packed, they could not 
slip past one another during application of unilateral stress, and there would be no 
idastic flow. Dense packing is considered to be the condition of suspension of flow. 

Permanence of the deformation implies that the bonds are completely broken 
during plastic flow and new ones are formed. If the bonds were to retain their 
identity and were'merely stretched, as one would expect for molecular bonds, elastic 
flow, or elastic after-effect, would be observed. 

The weakness of the bonds and consequent low activation energy expluns the 
observed extremely rapid yielding of dispersions under stress to a final state char- 
acteristic of the stress. 
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particles of disperse phase, owing to their flow, and by slipping, rolling, 
and rotating (18), contact each other more and more at their faces, rather 
than at corners and edges, and therefore over a greater surface. 

As a result of the particles of disperse phase approaching closer to 
one another and contacting each other over a greater area, the total force 
of attraction increases. This explains the increasing resistance to con- 
tinued plastic flow. 

The greater the specific force of attraction, or the force at unit distance 
of separation of the particles, the more intrinsically stable the structure is, 
and the more therefore it retains its original configuration during plastic 
flow. The rate of increase of plastic resistance with increase in the ex- 
tent of flow is correspondingly small. The rate, however, is measured by 
Ky so that K may be considered to be determined by the total force of 
attraction at unit distance of separation of the particles of disperse phase. 
This interpretation of k fits in with the fact that it is independent of the 
proportioning of the phases. 

It is now observed why k and L.R. both vary in the same way in gen- 
eral, though not in detail. Each increases with increase in the sum total 
force of attraction, but under somewiiat different conditions: in the case 
of Ky it is the force at unit distance of separation that counts, w^hile in the 
case of L.iJ., it is the force at a certain liquid content of reference. 

Cohesion may, by its definition, be considered to depend substantially 
on the same condition as does L.jK., so that the relation between them is 
thereby understood. HoW'Cver, in order that comparison as to cohesion 
be valid, it is necessary that the stresses during extensive deformation be 
similar. This condition is essentially realized when k is the same for the 
substances being compared. 

The exponential variation of po with w by equation 6 implies that the 
distance of separation of the particles, or pore size, also varies expo- 
nentially with the percentage of liquid phase. The same result has been 
obtained in a quite different way by Clews, Macey, and Bigby (8) ; ac- 
cording to them the flow conductivity of w^ater through clay pastes, and 
hence the pore size, increase exponentially with the amount of w'ater in 
the paste. In contrast to these results, one would in general expect a 
simple algebraic variation. This implies, however, constant density of 
liquid. The exponential variation may be due to a decrease in density 
of the liquid phase with increase in size of the pores, by analogy with the 
dynamical result that the internal pressure of a drop, and hence the dens- 
ity, vary inversely with the radius. 

Having explained theoretically the significance and interrelations of 
Po, and L.J2., it remains to test the theory in detail. This may be done 
by varying the factors that determine the sum total force of attraction 
between the particles of disperse phase, and observing the concomitant 
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change in plasticity and cohesion. The factors are (i) intrinsic attractive 
force, {S) electrokinetic potential, (5) solvation, (4) dispersity, and (S) 
particle shape. 

As a direct indication of changes in attractive force, sedimentation 
volume was made use of. Ehrenbet^ (9) pointed out that sedimentation 
volume is large when the attraction between the particles of a settled 
suspension is great, because the parflfilS'"ar6 then united into spacious 
agglomerates; on the contrary, sedimentation volume is small when the 
attraction is small because the particles then slide past one another into 
a densely settled mass, von Buzagh (6) demonstrated this hypothesis 
by comparing the adhesion of quartz particles to a quartz surface with 
the sedimentation volume in different liquids. 

Sedimentation volume was determined in a 10-cc. glass-stoppered 
cylinder, using 2 g. of fine powder or 5 g. of coarse. The liquid was added 
in vacuo, the lumped powder stirred up with a glass rod, the cylinder filled 
to the brim with liquid, and the suspension vigorously shaken and allowed 
to settle. 

(1) Intrinsic attractive force. The intrinsic force of attraction operative 
between the dispersed particles is probably of the London-van der Waals 
(4, 12, 15) type. Bradley (4) and Tomlinson (22) find that the attrac- 
tion between small spheres increases linearly with the diameter of the 
sphere, as the theory requires. Bradley (4) and Hamaker (12) have cal- 
ciilated for spheres that the London-van der Waals force varies inversely 
as the square of the distance of separation; in other words, the London-van 
der Waals force is analogous to that of gravitation. 

A difference in intrinsic attraction probably explains, in the main, differ- 
ences in plasticity of the dispersions of calcium carbonate and quartz 
powders. These two materials were similar as far as their fineness was 
concerned. They had (21) about the same geometrical surface area per 
gram; the calciiun carbonate, however, had a smaller number of particles 
per gram (which is in the wrong direction as far as explaining our results 
is concerned). Making comparison of the dispersions in water, where 
solvation will be expected to be about the same, or of the dispersions in 
calcium chloride solution where both solvation and electrokinetic potential 
are about the same, it is observed from table 4 that the sedimentation 
volume is larger for the calcium carbonate than for the quartz. A greater 
attractive force is therefore indicated for calcium carbonate than for 
quartz. This conclusion is substantiated by the recent measurements of 
von Buzagh and Dux (7a) of the adhesion of particles to a plane surface of 
the same material. The angle of repose in the presence of water was 45“ 
for calcium carbonate as against only 15“ for quartz. According to the 
theory, k should be smaller and L.E. larger for calcium carbonate than for 
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quartz when dispersed in the media mentioned. This is the result ob- 
tained, as seen from table 4. 

(H) Eledxohinetic 'poterUial. Of more importance generally than in- 
trinsic attraction, which depends on the contribution of all atoms in a 
particle, is the attraction due to the nature and extent of surface of the 
particles of disperse phase. This attraction, it is important to note, can 
be readily varied. 

Electrokinetic potential (originating at the surface) has an important 
bearing on the stability of colloidal suspensions, by virtue of its effect on 
the attraction between the micelles. The more closely the potential at 
the surface approaches zero, the greater is the force of attraction, von 
Buzagh (7) substantiated this by comparison of the adhesion and the 
potential of quartz particles in the presence of different electrolytes. At 
high electrolyte concentrations, however, other effects entered and modi- 
fied the results. 

Our measurements with a Mattson type cell showed that the calcium 
carbonate and quartz powders in table 4 were negatively charged. The 
cataphoretic velocity for calcium carbonate and quartz decreased to 
approximately zero in a 0.0025 and 0.050 M calcium chloride solution, 
respectively. The force of attraction between the particles is therefore 
greater in these solutions than in water. The sedimentation volume of 
quartz was correspondingly higher, but for some unexplained reason that 
of calcium carbonate appeared to be slightly lower. As was to be expected 
from the increase in potential to zero, k decreased and L.R. increased when 
the dispersion medium was changed from water to the respective calcium 
chloride solutions (table 4). 

(S) Solvation. The stability of lyophilic colloids is explained by the 
repulsion effect of a solvated film surrounding the surface of the micelles. 
Kruyt (16) has developed the theory in some detail. For the purpose of 
our problem it is important to observ-e that changing a dispersion from 
lyophilic to lyophobic increases the force of attraction between the par- 
ticles, and vice versa. These changes were made in the following experi- 
ments, and the changes in plasticity and in cohesion observed. 

Calcium carbonate and quartz arc lyophilic in water and lyophobic in 
kerosene. The higher force of attraction between the particles in kerosene 
b shown by the large increase in sedimentation voliune over that in water 
(table 4). At the same time, as expected, k b much smaller and L.R. 
b much larger for the kerosene than for the water dbpersion. 

By dissolving sodium oleate in w^ater the dispersion of calcium car- 
bonate changes from lyophilic to lyophobic, owing to adsorption of oleate 
ion. Corresponding with thb change in solution, sedimentation volume 
increases, and, as predicted by the theory, k decreases while L.R. increases 
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{table 4). On the other hand, contrary results are obtained with quartz, — 
sedimentation volume decreasing, k increasing slightly, and L.B. decreas- 
ing. This may be understood from the fact that quartz does not adsorb 
oleate ion. 

By dissolving oleic acid in kerosene the dispersion of calcium carbonate 
in kerosene is changed from lyophobic to lyophilic, owing to adsorption 
of the acid. The resultant decrease in the force of attraction is shown 
in the very low sedimentation volume. Unfortunately the plastic flow 
constants of this dispersion could not be determined because of failure of 
the specimen, following discontinuous flow characterized by a single 
discontinuity. This mechanical failure, together with the characteristic 
wetness and excessive slump of the dispersion, were sufficient proof of its 
very low plasticity. The behavior of the dispersion of quartz in the same 
solution of oleic acid in kerosene was curious. No adsorption of oleic 
acid by the quartz would be expected, and the dispersion would therefore 
be expected to remain essentially lyophobic, as for quartz in kerosene 
alone. Actually a split behavior was shown. L.R. and sedimentation 
volume decreased, but k also decreased, — ^from 2.4 to 1.3 (table 4). Cor- 
responding to the lower value of k, the dispersion of quartz in kerosene 
containing oleic acid was much easier to spread; in other words, it was 
clearly much more plastic than the dispersion in kerosene. 

H) Dispersity. By dispersity is meant the surface area per gram 
(or the number of particles per gram) of disperse phase as it exists in the 
dispersion. Obviously, the greater the dispersity, the greater the sum 
total force of attraction between the particles of disperse phase. The 
increase in plasticity on increase in fineness of the solid phase is so well 
known as not to require any further proof. It might simply be mentioned 
that the low plasticity for non-plastic kaolin (k = 2.4, table 3) is due to its 
obvious coarseness relative to plastic kaolin. Similarly the regular in- 
crease in K for mortars, with increase in the ratio of sand to cement (table 
3), is a result of the regularly increasing coarseness of the more sanded 
mixtures. 

A particularly instructive and important example of the effects of a 
change in dispersity is that furnished by light ball clay (English). The 
material labeled “ungroimd” was granular and analyzed 14 per cent below 
the 200-me8h sieve and 7 per cent above the 28-mesh sieve. It is observed 
from table 4 that for the unground ball clay the plasticity depended defi- 
nitely on the percentage of mixing water. When the per cent of water 
was decreased from 60 per cent to 46.7 per cent, k decreased regularly from 
1.08 to 0.91. The effect is explained by the greater work that could be 
performed on the paste during troweling, the stiffer it was. The increased 
work increased the dispersity by unlocking a larger number of primary par- 
ticles from the secondary aggregates. Grinding this ball clay for 24 hr. 
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also helped in unlocking the primary particles, and, as a result, k decreased 
very appreciably from 0.97 (average) to 0.82 (tables 3 and 4). L.R, at 
the same time increased from 52.5 per cent to 69.4 per cent, so that the 
ground clay was more cohesive than the unground product, as well as 
more plastic. 

It was of great interest to study the effect of sodium hydroxide and hy- 
drochloric acid solutions on the plasticity of the unground clay. The 
sedimentation volume was greater in solutions of 0.05 N sodium hydroxide 
and of 0.05 N hydrochloric acid than in water. As expected, k was also 
less, while L,R, was greater (table 4). The increase in plasticity and cohe- 
sion is, however, appreciably greater with the alkali than with the acid. 

The clay particles in water had a negative electrokinetic potential; 
0.05 N sodium hydroxide, by decreasing the potential, would be expected 
to decrease the plasticity. On the other hand, the well-known dispersing 
effect of sodium hydroxide on clay would increase the plasticity. This 
dispersing effect apparently predominates over the reverse effect of de- 
crease in the electrokinetic potential, and to it must be attributed the 
increase in plasticity. 

The action of 0.05 N hydrochloric acid in increasing the electrokinetic 
potential would increase the plasticity. On the other hand, the dispersal 
or deflocculation of the clay is, if anything, diminished by the acid. The 
observ^ed increase in plasticity may be attributed entirely to the increase 
in electrokinetic potential. Both the 0.05 N sodium hydroxide and 
0.05 N hydrochloric acid increase the plasticity, but in a different way and 
to a different degree. 

The comparative effect of 0.05 N sodium hydroxide and of grinding on the 
plasticity of the unground ball clay is observed from tables 3 and 4. The 
value of K in the two cases is nearly the same. However, L.R, is much 
higher for the ground clay. Grinding therefore produced a more cohesive, 
though a no more plastic, product than that obtained by mixing the 
unground clay with 0.05 N sodium hydroxide. 

(5) Particle shape. Shape of the particles of disperse phase probably 
affects the area of contact and the closeness of approach of the particles. 
Therefore an effect due to shape might be expected. Freundlich and 
Jones (10) find that suspensions of anisometric, especially plate-like, 
particles are thixotropic. If this is associated with ah attraction (10), 
anisometric particles might be expected to give more plastic dispersions 
than regular particles, dispersity and other factors being equal, 

DISCUSSION OF SPECIAL CASES 

The behavior of shortening, a hydrogenated cottonseed oil, was un- 
usual. It was apparent, as has been pointed out (13), that this material 
becomes ‘‘more plastic with mechanical working.^' Our observations for 
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(i) mudi mechanical working prior to test, (i) moderate working, and (5) 
very little working were as follows: «, (1) 0.77, (2) 0.61, (3) 0.46, and 
po, (1) 9.2, (2) 12.6, (3) 20.4. The increase in plasticity on mechanical 
working is therefore only apparent as it arises from a decrease in po. 
The softness has been increased, but, because of the increase in k, the 
plasticity actually has been lessened. The changes in po and k would 
accord with a possible coagulation of the particles of disperse phase on 
mechanical working. 

The reason for the high plasticity of Portland cement paste (k equal to 
1.17, table 3), in spite of the comparative coarseness of the solid, is the 
presence of a film of freshly formed gel around each particle. The gel 
arises from hydrol 3 d;ic decomposition of the cement. It may increase the 
total force of attraction, either by increase in the effective area of contact 
owing to unequal growth or deformation of the film, or by increase in spe- 
cific attractive force due to unsaturated bonds at the surface. 

With 29.0 per cent and 27.0 per cent of mixing water, the values of po 
for the cement paste were 8.3 and 8.5, respectively, instead of the much 
higher values of 10.0 and 13.5 that would be expected from the results of 
table 3, applying equation 6. At the same time k was 2.5 and 4.4, respec- 
tively, instead of the 1.17 obtained at the higher water contents. The 
unexpected increase in k and disproportionate decrease in po when decreas- 
ing the water content may be due to the onset of a repulsion between the 
cement particles when they are brought into too close conjunction. Such 
a repulsion would account also for the characteristic suspension of flow 
observed in the case of the cement pastes under the condition of high 
stress and corresponding close conjunction of the particles. 

viscous AND PLASTIC RESISTANCE 

The effect of rate of deformation on dispersions is twofold. A change 
in rate may affect the plastic resistance or, more exactly, the constants 
of plastic flow. In the second place, a finite rate of deformation introduces 
an independent viscous resistance which is to be added to the plastic 
resistance to obtain the actual total resistance. At moderate rates of 
deformation the viscous component of resistance is usually comparatively 
small. Whatever its magnitude, however, the viscous component may be 
decreased to an indefinitely small value by decrease in rate of deformation, 
but the plastic resistance is inevitably present. 

We shall not consider the question of viscous resistance per se, but pri- 
marily only .the effect of rate of deformation on the magnitude of the 
constants of plastic flow. The effect of rate would be expected, in gen- 
eral, to be a second-order one, since plastic resistance depends by simple 
theory only on the static configuration of a plastic mass. Experiment 
shows that this expectation is justified. 
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When uniform loading of a plastic mass is stopped, the stress that was 
opposed to the viscous resistance is liberated and is free to produce an 
increment of plastic flow that adds itself to the plastic deformation at the 
instant loading was stopped. The situation is illustrated in figure 9, 
where it is seen that on cessation of loading at height h, a further flow at 



Fig. 9. Experimental curve when loading is stopped at intervals 



Fig. 10. Variation of plastic flow lag (due to viscous resistance) with plastic flow 
(referred to unit volume). Rate of loading is constant. 

constant load takes place to height The latter is the height that would 
correspond to the given load if this were applied ‘‘infinitely slowly.^' 
Hence, during finite rate of deformation there is a flow" lag due to a viscous 
resistance which is proportional to log h/h^. The total flow’ at point h 
is proportional to log h/h. 

When loading is resumed after a period of rest, it is observed from 
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figure 9 that plastic flow does not inunediately recommence, but an 
accumulation of stress, represented by the horisontal portion of the curve, 
first occurs.* This is the stress that is necessary to overcome viscous 
refflstance at the given rate of deformation. In our experiments the 
viscous resistance represented some 10 to 25 per cent of the total reastance 
at a rate of plastic flow during the first half-minute of 30 to 60 per cent 
per minute Oog h/fh per minute). 

The effect of viscous resistance on the magnitude of the constants of 
plastic flow may be studied in a general way on the basis of the flow 
lag per unit volume. The latter has been plotted in figure 10 against total 
flow per unit volume. The relationship was roughly linear. The flow 
lag amounts to 5 to 10 per cent of the total flow, so that, owing to viscous 
resistance, the* deformation is only 90 to 95 per cent of its maximum value 
at a given stress. The flow lag is smaller the smaller the rate of stress, 
as would be expected. 

The results of figure 10 may be used to predict the general direction and 
the magnitude of the correction to k and po due to viscous resistance. 
The equation to the lines is 

log h/h„ = log/o H- s log ho/h (8) 

where s is the slope and log /« is the intercept with the ordinate of zero 
plastic flow. 

We now assume that equation 3 applies at “infinitely slow” rate of load- 
ing (where there is no viscous resistance) . If we call ic and Po the constants 
at “infinitely slow” rate of loading, substitute these into equation 3, and 
finally substitute into the resulting equation from equation 8, the follow- 
ing relation is obtained 

« + ® 

When equation 9 is compared with equation 3, the relation between the 
constants at finite rate of loading and at “infinitely slow” rate of loading 
is fotmd to be 

K ^ k/1 + 8 ( 10 ) 

Po * Po/Jo ( 11 ) 

By figure 10, 8 is negative and probably decreases with increase in rate 
of defoxmation, while fo is positive and increases with increase in rate. 
Therefore, the -effect of finite rate of deformation is progressively to de- 
crease the coefficient of renitence and to increase yield value. 

* The same result is obtained if the previously accrued load is first temporarily 
lifted, and then replaced. 
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A comparison of the constants for different materials at ordinary rates 
of loading with those at “infinitely slow” rate of loading is given in table 5. 
The values of ic and of were obtained by plotting log against log g. 
For almost all dispersions it took but a minute or two to arrive at the 
required from h. However, in the case of the very soft petrolatum and 
lanolin, the evidence was that it would take a much longer time. For 
these materials an interval of 1 hr. or 1.5 hr. was allowed for arriving at 
a value close to h^. A special procedure was used and special care taken; 
the temperature during test varied by less than Since the results 

were closely the same whether a 1-hr. or a 1.5-hr. interval was used, the 


TABLE 6 

Compariton of valuei of the pUutic flow conttanls at “infinitely alow" rate of loading, 
i and pa, with the valuea at finite rale of loading, k and pa 


OISPEBSION ! 

1 

XiriTIAL RATS 
OP CTBKSB 

K 

K 

po 

1 

Lanolin, anhydrous. ... j 

gram9 per 
square etnii- 
meter per 
minute 

65 

1.00 

1.12(?) 

Petrolatum ; 

65 

1.14 

0.56 

Cup grease... 

176 

1.04 

0.84 

Cup grease 

100 

1.04 

0.86 

Shortening 

1 175 

1 1.02 

0.87 

Fiber grease i 

175 

1.02 

0.93 

Fiber grease 

100 1 

1 1.02 

0.94 

Light ball clay 

175 ; 

1.04 

i 0.92 

Light ball clay 

; 100 

1.03 

0.95 

Non-plastic kaolin 1 

1 175 i 

1 1.04 

0,90 

Non-plastic kaolin 

i 100 

I 1.04 

0.93 

1:2 cement mortar 

1 100 j 

1.04 

0.92 


values of table 5 represent the average of results obtained with the two 
different intervals of loading. 

It is observed that, as anticipated, k > k and pa < pa (with one excep- 
tion). The difference is, however, small, considering the wide range of 
loading rate. 5 never exceeded k by more than 5 per cent, except for 
petrolatum for which the difference was about 15 per cent, while pa was 
nnaller than pa by less than 15 per cent, except again for petrolatum for 
which the difference was about 50 per cent. The ratios shifted slightly 
closer to unity when the rate of stress decreased from 175 to 100, about 
0.2 per cent for k/k, and 2 per cent for pa/pa- 

To t^t further the question of rate of stress, numerous experiments 
were made on specimens varying in height and width by a factor up to 1.5, 
with rates of stress varying simultaneously between 20 and 175 g. per 
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square centimeter per minute (referred to the initial area). Height ap- 
])eared to have a small systematic effect on the results, but, in general, 
differences in k and po were within the range of estimated error. 

StTHMABT 

Mixtures of solid and liquid, or dispersions, such as lanolin, grease, 
shortening, clay paste, lime putty, and cement mortar, although seemingly 
liquid, possess rigidity. The origin of the rigidity is structure of the 
disperse phase. As a result of their character as solids, dispersions inter- 
pose a static, or plastic, resistance to change of form, which increases 
with the extent of plastic deformation. The plastic resistance is ines- 
capable, and is to be contrasted with viscous resistance, which depends on 
rate of deformation and may therefore be made indefinitely small. The 
sum of the plastic and viscous resistances make up in any actual case the 
total resistance that opposes change of form, but for moderate rates of 
stress the viscous resistance is usually relatively small. 

Plasticity is a property related to plastic resistance. Its measurement 
on the basis of viscous resistance is deemed to be wrong in principle. 

The present study of plasticity of dispersions is based on investigation 
of their plastic flow. A law of plastic flow has been found in which two 
constants are identified, — coefficient of renitence, k, and yield value, po. 

Consistence, softness, and stiffness are terais relating to po, while 
plasticity, and its converse, renitence, relate to k. Workability is an ul- 
timate property of concern to practice. It is compounded of softness 
(inverse of po) and plasticity (inverse of *c), both of which are required in 
sufficient degree to insure proper working of a dispersion. 

A contrast between po and k consists in the fact that k is generally of 
much greater moment in determining the stress at practical deformations. 
A more significant contrast, however, lies in the fact that po varies with 
change of liquid content, while k cannot be changed without changing the 
character of the system. Therefore x is an essential constant; po is an 
adventitious constant, but one whose particular magnitude is important 
and must be properly controlled. 

Liquid retention, L.R., is defined as the percentage of liquid phase at a 
specified yield value of reference. L.B. generally increases with increase 
in plasticity, in accord with practical experience. Its special significance 
consists in its being a measure of the cohesion or stickness of a dispersion, 
subject, however, to the magnitude of x. 

A theoretical treatment is presented which is based on the premise that 
rigidity of a dispernon is due to the sum total force of attraction between 
the particles of disperse phase. Plasticity is determined by the sum total 
force of attraction at unit distance of separation of the particles. Factors 
that determine the total force of attraction, zuunely, intrinsic attractive 
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force, electrokinetic potential, solvation, and dispersity (also particle 
shape) are tested, and good agreement between the theoretically expected 
and the experimental results for plasticity and cohesion is obtained. 

The effect of rate of deformation on the constants of plastic flow is 
studied, and is found usually to be small. 

REFERENCES 

(1) Bingham, E. C.; Bull. Bur. Standards (No. 278) 13, 309-53 (1916). 

(2) Bingham, E. C.: J. Rheol. 1, 507-16 (1930). 

(3) Bogomolova, M. N., and Kunin, N. F.: J. Tech. Phys. (U. S. S. R.) 6, 771-6 

(1935). 

(4) Bradley, R. S.: Phil. Mag. 13, 853-62 (1932). 

(5) Brewster, D.: Phil. Trans. Roy. Soc. 120, 87-95 (1830). 

(6) Buzaqh, a. V.: Kolloid-Beihefte 32, 114-42 (1930). 

(7) Btjzagh, a. V.: Kolloid-Z. 62, 46-61 (1930); 61, 105-12, 230-9 (1930). 

(7a) Buzagh, a. v,, and Dux, K.: Kolloid-Z. 83, 279-87 (1938). 

(8) Clews, F. H., Macey, H. H., and Rigby, G. R.: Chemistry & Industry 67, 

221-7 (1938). 

(9) Ehrenberg: Bodenkolloid. Dresden (1918). 

Frbundlich, H.: Kapillarchemie, Vol. II. Akademische Verlagsgesellschaft 
m.b.H., Leipzig (1932). 

(10) Frbundlich, H., and Jones, A. D.: J. Phys. Chem. 40, 1217-36 (1936). 

(11) Goodevb, C. F., and Whitfield, G. W.: Trans. Faraday Soc. 34, 511-20 (1938). 

(12) Hamaker, H. C.: Physica4, 1058-72 (1937). 

(13) Harvey, A. W.: Ind. Eng. Chem. 29, 1155-9 (1937). 

(14) Hatschek, E.: Kolloid-Z. 16, 226-34 (1914). 

(15) Kallman, H., and Willstaetter, M.: Naturwissenschaften 61, 952-3 (1932). 

(16) Kruyt, H. R,: Colloids (translated by van Klooster). J. Wiley and Sons, 

Inc., New York (1930). 

(17) McMillen, E. L.: J. Rheol, 3, 179-95 (1932). 

(18) Mbldau, R., and Stack, E.: J. Inst. Fuel 7, 336-64 (1934). 

(19) Nadai, a.: Plasticity. McGraw-Hill Book Co., Inc., New York (1931). 

(20) Nieuwbnburg Van, C. J.: First Report on Viscosity and Plasticity, Academy 

of Sciences of Amsterdam, pp. 141-72 (1935). 

(21) Roller, P. S.: J. Franklin Inst, 223, 609-33 (1937); J. Am. Ceram. Soc. 20, 

167-74 (1937). 

(22) Tomlinson, G. A. : Phil. Mag. 6, 695-712 (1928). 




THE CHROMATE-CHROMIC ELECTRODE POTENTIAL 

S. A. DURBAN and D. J. BROWN 
DepartmetU of Chemistry, University of Nebraska, Lincoln, Nebraska 

Received May IS, 19S8 

The value of 1.3 volts for the chromate-chromic electrode as reported 
by Luther (2) seems to be the only one given in the literature. A number 
of writers, in connection with other work, seem to question the intercon- 
vertibility of the chromate and chromic radicals ( 1 ). For these reasons 
we considered a further study desirable. 

Since a solution of chromic perchlorate, according to Weinland and 
Ensgraber (3), retains its violet color and does not lose its high conductivity 
to the same degree as most chromic salts, we used perchloric acid and 
chromic perchlorate. The half-cell 

m CrCClOi),, m CrO,, m HCIO 4 1 Pt 

in which m represents the molalities, was studied at 25®C. 

The data indicate that the cell reaction to represent the standard poten- 
tial is 


HCrOr + 4H+ + 1.5H, ^ Cr+» + 4HjO 
and for the half-cell is 


HCrO^- + 7H+ + Ze^ Cr+* + 4H,0 

If we assume that in dilute solutions the activities of the dissolved 
substances approach the molalities, and that that of water approaches 
unity, we have for the half-cell 


E^Ee 

and E'o approaches Ee. 


0.0591 


log 


»»Cr(C104). 

7 

m h*-»»hci 04 - 


BXFBRIMBNTAIi 

When oxygen was present the irreversible potential of the oxygen 
electrode interfered, hence all of the work was done in the absence of air. 
The solutions were refluxed while nitrogen, freed from oxygen, was bubbled 
through. The bright platinum wire that served as the electrode was 
heated electrically to whiteness in a current of nitrogen. Except while 
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measuring, the whole set-up was under a slight excess pressure of purified 
nitrogen. 

Conductivity water was used to recrystallize the substances and for 
the preparation of all solutions. A type K potentiometer and a Weston 
cell, both calibrated by the National Bureau of Standards, were used. A 
half-cell container with a coil of platinum wire, about 75 cm. of No. 26 
gauge wire, contained the chromic-chromate solution. A heavier wire 
carried the current through the glass, thus permitting the heating of the 
smaller wire. In the first two series of measurements a hydrogen elec- 
trode with the same concentration of perchloric acid as that of the chromic- 
chromate electrode was used to give the same perchloric acid concentration 
through the whole cell. In the last series, as indicated, a saturated calomel 
electrode was used. 

We measured three ratios of chromium trioxide-chromic perchlorate 
in molar perchloric acid against a hydrogen half-cell with the same con- 
centration of perchloric acid. These cells initially gave widely divergent 
values but at different speeds approached the same value. Thus the most 
divergent speeds for the first electrode below were: 


DATS 

1 

0 

1 

1 * 

1 

i ® 

i « 

! ^ 

11 


1.171 

1.060 

1.207 

1.139 

1.204 

1 1.187 

J 1.203 ! 

1 1.196 

1 1 

1.206 

1.198 

i 

1 i 

I 1.196 i 

t 1 

i 

j 1.199 


The last apparent equilibrium values were averaged for each half-cell 
measured, and the average of such values represents the voltage of the cell 
indicated. In no case did the maximum variations of values for any 
concentration exceed 30 millivolts. 


“HCIO. 

»»»CrOi 

»»Cr+« 

* 1 

AE 




volti 

tolta 

1.000 

0.001 

0.100 

1.203 1 

0.039 


0.001 

0.001 

1.242 ! 



0.100 

0.001 

1.286 

0.044 


The calculated value for AE at constant acidity would be 0.0394 volt. 
The greater value, 0.044, is due to the effect of the 0.1 m CrO* increasing 
the actual acidity in the chromic-chromate electrode. 

Continuing the preceding series for half-cells containing 0.001 molar 
chromium trioxide and 0.001 molar chromic perchlorate we varied the 
concentration of the perchloric acid. Using the mathematical equation 
given above 
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E'o = A£obid. — 


0.0591 

•> 


log (nicrOi + wiHCloy + 0 • 0591 log mncioj 


~Cr(C104)i 

“CrOi 

«HC104 





1 

I 

volU 

volts 

0.001 

0.001 

1. 

1.242 

1.242 



0.5 

1.215 

1.239 



0.05 

1.130 

1.231 



0.01 

1.037 

1.188 



1 0.001 

1.010 

1.205 


In the final series in which the saturated calomel electrode served as a 
reference, the molalities of the chromic perchlorate, chromium trioxide, 
and perchloric acid in the other half-cell were equal. Assuming that the 
molality of the acid is 2tn, from chromium trioxide and perchloric acid, 
we have 


Eo = -1-0.2466 -f A®„b.d. - — log (2m)’ 


m 

ae 

i 


tolU 

i volU 

0.0333 

+0.763 

i +1.171 

0.0111 

0.708 

1 1.183 

0.00333 1 

I 0 643 

1 1.190 

0.00111 

1 0.583 

; 1 196 

0.000333 

1 0 509 

1.194 


The calculated values for the half-cell, using the more dilute solutions, 
indicate a value of 1.196 ± 0.010 volts for the standard chromic acid- 
chromate half-cell. 

The calculated values we considered evidence that the half-cell was 
reversible. However, the slow change to constancy seems to indicate that 
the half-cell is near the “border line” of irreversibility. Likewise these 
calculated values confirm the originally assumed half-cell reaction. 

SUMMARY 

This study of the chromic-chromate-perchloric acid half-cell indicates a 
reversible oxidation potential of 1.195 ± 0.010 volts. 
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Until rather recently little attention has been given to Pickering’s (4) 
observation that aqueous soap solutions can actually dissolve considerable 
proportions of certain oils. The emulsification of immiscible, or nearly 
immiscible, liquids with the aid of soaps diverted attention from this 
important observation. Smith (6) greatly extended Pickering’s experi- 
ments and announced that “every organic liquid that has been investigated 
is many times more soluble in soap solution (e.g., 10 per cent sodium oleate) 
than in water.” Hartley (1) and Lawrence (3) have discussed the mechan- 
ism of this solvent process. They also called attention to the improve- 
ments claimed in the detergent value of soaps owing to the presence of 
certain dissolved oils. Lysol, so Hartley noted, is a solution, not an 
emulsion, in soap and water. Smith reminded investigators of vitamins A 
and D that the sterols, hydrocarbons, etc., released from fish oils by saponi- 
fication have considerable solubility in the soaps formed and considerable 
resistance to solvent extraction. He considered ether, in the presence of 
alcohol, to be the best extractive. 

It occurred to the author, after reading the ICramer (2) patent on the 
preparation of a detergent paste, that the influence of pine oil on the 
solubility of such paraffin hydrocarbons as common kerosene merited some 
study. This seemed to be an extension of the work referred to above, for 
in this case a fourth substance of polar-non-polar nature was added. Pine 
oil distilled from old stumps is known to be an oxidized product with polar 
hydroxyl groups in the molecule. It is not merely pinene, a hydrocarbon. 

EXPERIMENTAL 

No special efforts were made to secure unusually pure materials. A 
good grade of sodium oleate was rubbed well at room temperature with 
the desired amount of water, using a flexible spatula. The mixing was 
carried on intermittently for about 30 min., the minimum time found 
effective as preparation for the rest of the experiment. After allowing the 
soap paste to stand for another 30-min. period, the mixture of kerosene 
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TABLE 1 


Solutions of Boap-waier-pine oih-keroBene 



PBOPOBTtONS BT WBIGBT 

APPBABAlfCa AND STABIUTT 

Sodium 

oliftte 

Water 

PineoU 

KeroMue 

1 

4 

4 

4 1 

Clear as water. Stable after 3 months 

1 

2 

2 

2 

Clear as water. Stable after 3 months 

1 

2 

4 

4 

Opalescent. Almost transparent 

1 

6 

4 

4 

Almost as clear as water. Slight precipita- 
tion after 2 months 

1 

8 

1 

2 

Almost as clear as water. Opalescent 

1 

8 

4 

j 

4 

Opalescent. Almost transparent. Slight 
precipitation after 3 months 

1 

8 

2 

2 

Opalescent. Precipitate settled in 4 weeks 

1 

8 

5.5 

4 

Opalescent. Much precipitation in 2 
months 

1 

8 

8 

4 

Opalescent. Nearly clear. Two layers on 
standing 

1 

8 

4 

1 

Opalescent. Two layers after 3 months 

1 

8 

2 

4 

Faintly opalescent. Tw’o layers in 2 
months 

1 

8 

4 

2 

Two layers: upper opalescent, lower clear 

1 

8 

12 

3 

Two layers in 3 months: opalescent upper 
layer, clear lower layer 

1 

8 

12 

4 

Very opalescent. Stable after 3 months 

1 

8 

12 

6 

Two layers: upper opalescent, lower clear 
with precipitation 

1 

8 

2 

8 

Fluid, creamy-white emulsion 


TABLE 2 

Solutions of Boap-waier-pine oil-benzene 



PBOPOBnOMS BT WXXGBT 

APPEARAKCB AND STABIUTT 

Sodium 

oleate 

Water 

Fine oil 

Beniene 

1 

8 

4 

4 

Opalescent. In 2 months small lower layer 
separated 

1 


8 

4 

Quick separation into 2 layers and precipi- 
tation 

1 

8 

1 

1 

Opalescent. Two layers and precipitation 
after few weeks 

1 

8 

8 

2 

Faintly opalescent. Stable after 2 months 

1 

4 

8 

2 

Two clear layers with precipitation between 
after standing 2 months 


and pine oil was then beaten into this soap paste with a high-speed mixer, 
udng such volumes and such a vessel that air was not whipped in. 
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The various liquid products obtained by vaiying the proportions of 
water, sodium oleate, kerosene, and pine oil were compared as to trans- 
parency, formation of two layers, formation of precipitates, and stability 
during the two or three months following. The results are shown in 
tables 1 and 2. 

A mixture of 1 part (by weight) of sodium oleate, 8 parts of water, 8 parts 
of pine oil, and 4 parts of carbon tetrachloride looked like a milky emul- 
sion and quickly separated into layers and a precipitate. Evidently 
carbon tetrachloride is unusually difficult to dissolve in this system. Even 
benzene is somewhat more difficult in this respect than the paraffin 
hydrocarbons. 

Clove oil, containing engenol, which somewhat resembles pine oil in 
its phenolic nature, is inferior to pine oil in aiding the solution of hydro- 
carbons, yet it has some effect. 


DISCUSSION 

Other workers have offered theories of the action of sodium oleate or 
other soaps in aiding the solution of hydrocarbons in water. It has been 
suggested that the colloidal soap micelles dissolve the oil and also that 
polar and non-polar binding of the components accounts for the 
phenomenon. 

It seems to the author that the pine oil as a new component aids chiefly 
by the use of its hydroxyl groups in polar attraction for the water and for 
the polar group of the soap. Of course its large non-polar radical also 
attracts the hydrocarbon and the non-polar radical of the soap. In other 
words, pine oil molecules act as binding links for the soap-water- hydro- 
carbon. 

Table 1 shows the limiting proportions. The best products by far are 
those represented by 1, 4, 4, 4 or 1, 2, 2, 2 parts by weight of sodium 
oleate, water, pine oil, and kerosene. In these the weights of the three 
liquids are equal. Other interesting products of different proportions are 
more or less opalescent and yet rather transparent. These are less stable 
and, when aged, exhibit a silky, almost curdy, flow. Evidently curd 
fibers of solvated soap are present. It is significant that the 1, 4, 4, 4 and 
1, 2, 2, 2 solutions do not show this silky flow on tilting the bottles. 

Since pine oil is a well-known detergent, some of these combinations may 
have exceptional value as detergents or as cutting oils. 

SUMMARY 

It is shown that pine oil in proper proportions greatly increases the 
known solubility of paraflin oils in water containing sufficient sodium 
oleate. Optimum proportions for producing perfectly transparent, stable 
solutions are 1, 4, 4, 4 and 1 , 2, 2, 2 parts by weight of sodium oleate, water, 
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pine oil (the ondized type) , and kerosene. This means that a given weight 
of water (containmg sodium oleate) can dissolve twice its own weight of the 
two oils. 

With benzene as hydrocarbon the optimum proportions are 1, 8, 8, 2 
parts by weight. 
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The problem of gel structure is one of great complexity, and there exists 
a considerable divergence of opinion among colloid che m i s ts as to the inter- 
pretation of the heterogeneous data in this field. All of the theories that 
have been proposed may be divided into the following classes: 

The one-phase, or solid solution, theory is supported by Proctor (20) 
and by Katz and Robinson (16), who hold that a gel is a solid solution 
of the dispersion medium in a second constituent, both constituents being 
within the range of molecular attractions of each other. This theory 
fails to explain many of the properties of gels, especially the loss of mo- 
bility on setting. 

The two-phase, liquid-liquid theorj', in which gels are assumed to be 
similar in structure to emulsions, is supported by Quincke, Hardy, Wo. 
Ostwald, and Garrett. This concept has difficulty in explaining the fact 
that no emulsion has ever been converted into a jelly, and Hatschek (13) 
argues that the theory is untenable because it is physically impossible 
from purely geometrical considerations to account for the elasticity shown 
by gels. 

The two-phase, solid-liquid theory was first suggested by Frankenheim 
in 1835, who considered gels to be composed of aggregates of small crystals 
with pores between them. In 1879 von Nageli proposed that gels were 
composed of molecular complexes or micelles with crystalline properties, 
separated by skins of water and forming meshes or interstices in which 
the water is contained by molecular attraction. Bachman (2) studied 
the process of gelation microscopically, and found that, as the sol began to 
set, there were formed small elements consisting of submicrons and, in 
part, microns, which gradually lost their translatory motion. Finally the 



500 


BOBERT TAFT AND IXOTD B. MAUI 


whole field was filled with cohering particles without any motion. Kruyt 
(17) concludes that this is the most satisfactory representation of gelation. 
Bachman and Zsigmondy (3) later observed a fibrillar structure in addition 
to the grainy structure, which is quite sharply defined in the case of soap 
jellies. Laing and McBain (18) consider the gelation of soap to result from 
the linking up of colloidal particles to form a filamentous structure. 

From his work on foams Biitschli was led to the opinion that many gels 
have a fine honeycomb structure which could be made visible with a 
hardening agent. Pauli and others have raised objections to this theory, 
on the ground that the honeycomb structure may have been caused by the 
treatment by the hardening agent. Copisarow (7) has produced such a 
structure by diffusing tanning agents into a gelatin gel. 

Bradford (6) has proposed the theory that the reversible sol-gel trans- 
formation is an extreme case of crystallization. He is supported in his 
views by the researches of von Weimam, who has prepared gels of the 
sulfates of calcimn, barium, and strontium by precipitation from solutions 
of proper concentration. He states that there is no fimdamental difference 
between these gels and ordinary jellies such as agar and gelatin. Weiser 
does not agree that all gels are crystalline, and cites evidence by Scherrer 
(21) and Harrison (12) to show that the spherites of gelatin and starch are 
not crystalline in character. 

This brief summary of the more outstanding theories of gel structure 
illustrates the great variance of opinion and the many difficulties involved 
in the interpretation of the complex phenomenon involved in gelation. In 
the study of gel structure the measurement of many properties has been 
undertaken, namely, diffusion, viscosity (plasticity), optical properties, 
ultramicroscopic behavior, tensile strength, elasticity, compressibility, 
setting point, etc., but little attention has been paid to the electrical con- 
ductance of gels. Apart from the work by McBain on soap jellies, no 
extensive investigation has been made in this field.' The work herein 
reported was undertaken in order to obtain such data for a number of gel 
systems and to apply the results as evidence for one or more of the above 
theories. While it is hoped that the study can be extended to other gel- 
forming materials, this report is concerned only with gelatin-water or 
gelatin-salt-water S 3 ^tems. 

EXPERIMENTAL PROCEDITBE 

The Wheatstone bridge method was used in determining conductivity, 
using a Leeds and Northrup slide wire of Kohlrausch design. An audion 
tube was the source of the oscillating current. The refinements recom- 

I In addition to the work of McBain, mention should be made of the brief report 
of Hurd and Swanker (J. Am. Chem. ^c. 66, 2607 (1933)), who state that the con- 
ductances of silica sols apd gels are practically the same. 
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mended by Jones and Josephs (15), and used by Edson and Rexroth (10) 
in a study of the conductance of electrolytes, were employed. The capac- 
ity of the conducting cell was balanced in parallel by an adjustable con- 
denser. Two conductivity cells of the ordinary plunge type were used, 
one with a cell constant of about 0.4 and the other of approximately 0.1, 
the latter cell being used for the pure gelatin gels and the very dilute 
electrolyte solutions. The electrodes in the cells were rigidly braced, and 
the cell constant of each cell was determined after each trial to make sure 
that any changes in conductance were not due to changes in the positions 
of the electrodes. Measurements were made on the potassium chloride 
solution used for determinations of the cell constant over a period of four 
days to determine whether any error due to absorption might occur. No 
change was noted. Tests of the sensitivity of the method used both on the 
calibrating solution and on the actual conductivity measurements showed 
the method to be accurate to at least 0.1 per cent. 

All salts used were of c. p. grade and were further purified by recrystal- 
lization. After purification they were dried carefully to constant weight. 
Eastman ash-free gelatin was employed in all cases. Moisture determina- 
tions on this material gave an average value of 1 5.16 per cent. Determina- 
tions of the ash content showed that the maximum value did not exceed 
0.02 per cent on any samples used. The sols of gelatin were made up 
according to the following standard procedure, in order to minimize any 
complicating effects that are dependent upon the history of gelatin sols: 
Gelatin was weighed out carefully and the approximate amount of con- 
ductivity water needed was added. The system was then kept at 45°C. 
for 1 hr. The gelatin became swollen and with occasional agitation was 
completely dispersed in another hour. The flask was then cooled and 
weighed to obtain the amount of water present. 

The conductivity measurements were made at 25° and at 30°C., the 
maximum variation in temperature being 0.01°C. The conductance of the 
specimen in the sol state was first determined. It was then allowed to set 
slowly overnight at room temperature (20~25°C.). The conductance of 
the gel was determined the following morning. It was found that sols 
which were set more rapidly by immersing them in an ice bath would melt 
more rapidly and at a lower temperature. IVlien the sols were set slowly 
it was comparatively easy to get readings on the gel state of even some of 
the most dUute gels at 30°C. These data agree with the facts reported by 
Olson (19) in his study of the change of setting time with the temperature 
at which the sol was set. Olson assumes that at a higher temperature the 
building up of chains of molecules during the setting process is more com- 
plete. According to him, a gel setting rapidly is composed of short chains 
only slightly interlaced and is thus more easily redispersed. 
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THB ELBCTBICAL CONDUCTANCE OF PUBE GELATIN BOLB AND OELB 

The results obtained from conductance measurements on the system 
gelatin-water are summarized in table 1 and shown graphically in figure 1. 
The specific conductance of the sol is consistently greater than that of the 
gel in the range of concentrations used. The difference between sol and 
gel increases with increasing concentration, and the increase is more rapid 
at SO^C. than at 26‘’C. This is clearly shown in figure 1 by the spreading 
of the curves with increasing concehtration. 

The change of conductivity with temperature is greater for the sol state, 
the temperature coefficient being on the average about 25 per cent more. 


TABLE 1 


Specific conductance of the eyatem gelatin-water 


OBLA.T1N* 

TSMPBRA- 

TUBS 

pH 

SPXaFlC COBDtTCTTANCS 

DIFFBBBNCX SOL ~ OBL 

Gel 

Sol 

percent 

•c. 


mho» 

mhos 


4.68 

30 

4.80 

5.96 X 10-* 

6.20 X 10“» 

0.24 X 10-» 

4.68 

26 


5.89 X 10*“» 

6.13 X 10~» 

0.24 X lO”* 

4.63 

30 

4.81 

6.10 X :0“» 

6.39 X 10-» 

0.29 X 10~» 

4.63 

26 


5.95 X 10-* 

6.20 X 10-» 

0.26 X 10-» 

6.99 

30 

4.85 

7.90 X 10“» 

8.46 X 10“® 

0.56 X 10“« 

6.99 

25 


7.17 X 10-» 

7.53 X 10-* 

0.36 X 10-» 

6.41 

30 

4.88 

8.49 X 10-» 

9.09 X 10~® 

0.60 X lO-* 

8.31 

30 

4.90 

10.46 X lO-* 

11.26 X 10“» 

0.80 X 10-^ 

8.31 

26 


9.27 X 10-» 

9.71 X 10~» 

0.44 X 10-‘ 

13.2 

30 


12,44 X ia-» 

13.35 X 10~» 

0.91 X lO-"* 

13.2 

25 


11.68 X 10-» 

12.35 X lO-* 

1 0.67 X 10“» 


* Per cent gelatin 


grama of dry gelatin (corrected for moisture cont ent) 
grama of water 


XIOO. 


The pH value (determined by the use of the quinhydrone electrode) of 
the most dilute sol was 4.80. Slight increases in pH were observed at 
higher gelatin concentrations. A pH of 4.8 corresponds to a hydrogen-ion 
concentration of approximately 2 X lO'* gram-moles per liter, a value 
which could not account for more than 0.7 X 10~‘ mhos of the specific 
conductance of the sols. The ash, less than 0.02 per cent in amount, 
might also account for a part of the conductance. The Eastman Kodak 
Company informs us, however, that actual analyses of the ash content of 
their “ashless" gelatin, which was employed in our study in all cases, 
consists almost entirely of silica. The form of the silica as present in our 
sols and gels is unknown but in any case, whether present as free silicic 
acid, colloidal silica, or in some other form, its actu^ conductance is prob- 
ably small. This conclusion may best be realised when compared with the 
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calculated conductance of a strong electrolyte. If, for example, the ash 
was entirely calcium oxide, present to the amount of 0.02 per cent, the 
calciiun ion, if we assume complete dissociation from the gelatin, would 
have a specific conductance of 2 X lO"® mhos, that is, about one-third of 
the total specific conductance. It is thus evident that both in the sol state 
and in the gel state, gelatin itself is the major conductor of the current. 
Further, the decrease in conductance from sol to gel state, in the cases 
studied, lies only between 4 and 8 per cent. 

If gelatin micellae are therefore the chief conductors in both sol and gel 
state, it is evident that gelation does not seriously obstruct the conduction 
process. Without doubt the gelation process has decreased very con- 
siderably, if not destroyed, the mobility of the gelatin micellae. The small 



4 5 6 7 6 9 lO It i; 13 \+ 

Per Cent or Cuatin 

Fio. 1. Cionductance measurements on the system gelatin-water 

decrease in conductance upon gelation appears, therefore, at first thought, 
to be difficultly explainable. The two factors become reconcilable if it is 
assumed that the liquid phase exists as the continuous phase in both sol and 
gel stcdes. 

Conduction in the sol state is then largely cataphoresis; upon gelation 
the process has changed from cataphoresis to electroendosmosis. In the 
sol state the gelatin micellae move in the liquid phase; in the gel state the 
liquid moves past the fixed gelatin micellae, each of which may possess sur- 
face conduction. Upon the basis of such an explanation, the small decrease 
in conduction upon gelation would be due to the decreased surface of contact 
of gelatin micellae with the liquid phase, and to the somewhat greater 
length of path that any ion current carriers must of necessity traverse 
when gelation takes place. It will be understood that such an explanation 
naaiimMi also the necessity of a continuous phase of the gelatin micellae in 
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the gel state in order to account for the rigidity of the gel. The conduct- 
ance of gelatin sol and gel is thus in accord with the fibrillar theory of gel 
structure. 


TABLE 2 


Specific conductance during eol-gel traneformation 


▲GS 

spaanc conogctancb 

BSMABXS 

Gelatin sol at 25®C.; 

5.^ X>^T cent gelatin 

hour9 

mhoa 


0 

0.00007634 

Sol 

0.5 

0.0000745i 

Setting in parts; soft meniscus 

1 

0.0000736s 

Soft jelly; part liquid 

14 

0.0000716s 

Gel set solid overnight 

16 

0.0000716s 

Gel; no change 


Gelatin gel at 30°C.; 6.41 per cent gelatin 


0 

0.00005487 

Gel (set rapidly at low temperature) 

3.5 

0.0000860 

Meniscus soft 

5 

0.0000865 

Soft jelly; viscous 

6 

0.0000871 

Viscous sol; about melted 

9 

0.0000908i 

Sol state 

9.25 

0.0000908. 

Sol; no change 



Fia. 2. Conductance measurements taken as gelation and 
redispersion were in progress 


In the case of the 5.99 per cent and 6.41 per cent sols, conductivity meas- 
urements were taken as gelation and redii^rsion processes were in progress. 
The data given in table 2 (see also figure 2) i^ow that the gelation and 
redispersion processes are gradual and continuous, and the ease with which 
the change is accomplished is evidence for the theory that the two phases 
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present in the sol and gel state are not extremely different in their compo- 
sition. 

Yabuki (24), who was interested primarily in the effect of added salts 
on the conductivity, includes also some data on the conductance of pure 
gelatin gels. His values are approximately ten times those reported here, 
but since he makes no specifications concerning the ash content this 
difference may be easily accounted for by a high ash content. Greenberg 
and Mackey (11) have report.ed on the conductivity of pure gelatin sols 
and gels within the range of concentrations of 0.9 and 4.58 per cent. The 
highest percentage reported is the only result comparable to those reported 
here; the conductance is of the same magnitude but slightly higher. In 
general their results as to the difference in conductance between sol and 
gel are in good agreement with those of table 1. 

It should also be pointed out that the difference in conductivity between 
sol and gel state cannot be accounted for upon any difference in the sj)ecific 
volume of the two phases. As we have pointed out elsewhere (22), there 
is a slight contraction in volume when the sol solidifies. This contraction, 
for gelatin concentrations up to 10 per cent at least, is less than 0.01 per 
cent of the volume of the sol. Furthermore, such a change in volume 
should produce an increase (rather than the observed decrease) in specific 
conductance of the gel state over the sol state, as the number of current 
carriers per unit of volume would be greater in the gel state than in the sol 
state provided no other changes occurred. 

ELECTRICAL CONDUCTIVITY OF ELECTROLYTES IN GELATIN SOLS AND GELS 

The first studies in this field were made by Arrhenius (17) in 1885 when 
he determined the conductivity of sodium chloride, zinc sulfate, and copper 
acetate in a gelatin solution which set to a gel at 24®C. He allowed a 4.2 
per cent sol to cool slowly and found no discontinuity in the temperature- 
conductivity curve at the setting point and no appreciable difference in 
conductivity of the sol and gel state. In 1889 Indeking (18) measured 
the viscosity and conductivity of zinc sulfate solutions containing up to 
50 per cent gelatin. He found no discontinuity in the temperature-con- 
ductivity curve at the setting point. Dumanski (9) studied the conduct- 
ance of salts in gelatin sols only and made no measurements on the gel 
state. Further consideration of his results is given below. 

McBain and Laing (18) investigated the conductance of soap solutions. 
Their results indicate that there is no difference in the conductance of so- 
dium oleate in the sol and the gel state. These authors assume that the 
colloidal soap arises from, and is in true equilibrium with, the crystalloidal 
constituents. Yabuki (24) compared the conductance of potassium 
chloride in water and in gelatin and again in the gel state. His results will 
be considered later, together with those of Greenberg and Mackey (16), 
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TABLE 3 

The electricdl conductance of eaUe in gdatin sole and gels* 


1 

is 

Ig 

1 

BPSCXFXC OONDITCTAKCa 
X10 » 

A 


W 

& 

g1 

1^0 

Sol 

Gel 

i§ 

Sd 

Gel 

Sol 

Gel 

Sol 

X 

rio 


8 

B 



Q 






^1 

per 

cmt 

N 

•c. 










4.53 

0.00101 

25 

13.48 

13 . 3 / 

0.17 

134.8 

133 ./ 

7.18 


7.52 

1.7 

4.53 

0.00505 

25 

65.30 

64.90 

0.40 

130.5 

129.8 

59.0 


12.7 

2.8 

4.53 

0.0101 

26 

126.7 

126.5 

0.20 

126.7 

126.5 

120.4 

120.4 

20.3 

4.4 

4.53 

0.0505 

25 

579.5 

579.0 

0.00 

115.8 

115.8 

673.2 

573.0 

92.0 

20.0 

4.58 

0.1008 

25 

1118 . 

1118 . 

0.00 

111.8 

111.8 

1108 . 

1108.0 

187.0 

40.0 

4.58 

0.1006 

30 

1238 . 

1238 . 

0.00 

123.8 

123.8 

1225 . 

1225 . 

183.0 

40.0 

4.58 

0.2608 

25 

2635 . 

2635 . 

0.00 

: 105.4 

105.4 

2624 . 

2624 . 

450.0 

98.0 

4.58 

0.499 

25 

4998 . 

4998 . 

0.00 

99.98 

99.98 

4998 . 

4998 . 

870.0 

191.0 

4.63 

0.0101 

25 

124.7 

124.5 

0.8 

124.7 

124.5 

128.5 

128.6 

12.1 

2.6 

4.63 

0.0101 

30 

138.3 

137.7 

0.5 

138.8 

137.7 

131.8 

131.5 

23.0 

4.9 

4.63 

0.1008 

25 

1107 . 

1107 . 

0 . 00 ; 

110.7 

110.7 

no/. 

no/. 

181.0 

40.0 

4.63 

0.1007 

30 

1201 . 

120 /. 

lo.oo: 

120 ./ 

120 ./ 1 

1195 . i 

1195 . 

214.0 

46.0 

4.63 

0,499 

25 

4990 . 

4990 . 

0.00 

[ 98.8 

98.8 

4984 . 1 

4984 . 

876.0 

190.0 

4.63 

0.498 

30 

5265 . 

5265 . 

io.oo 

105.5 

105.8 

5258 . j 

5258 . 



8.31 

0.00511 

1 25 

59.07 

58.68 

, 0.45 

118.15 

117.25 

49.35 

49.0 

32.5 

3.9 

8.31 

0,00510 

30 

65.15 

64.60 

0 . 55 ! 

130.8 

124.8 

53.88 

54.8 



1.31 

0.01022 

25 

114.8 

114.7 

0.1 

114.8 

114.7 

105 ./ 

105.4 

35.6 

4.3 

8.31 

0.01021 

30 

127.15 

127.5 

0.35 

127.15 

127.5 

116.0 

117.0 

38.6 

4.6 

8.31 

0.1018 

25 

1020 . 

1020 , 

0.00 

102.0 

102.0 

1017.0 

1017 . 

271 . 

32.5 

8.31 

0.1017 

30 

1117 . 

1117 . 

10 . 00 ! 

111.7 

111.7 

1105 . 

1107 . 

303 . 

40.9 

8.31 

0.5037 

25 

445 /. 

445 /. 

0.00 

89.08 

89.03 

4448 . 

4448 . 

1420 . 

170 . 

8.31 

0.6028 

30 

4888 . 

4888 . 

lo.oo 

97.78 

97.78 

3878 . 

4878 . 




COKCSN- 

TRATXON 

OF 

KSCN 

■ 




1 








B 










3.2 

0.1 

27 

956.5 

955 ./ 

0.5 

1 95.6 

95.5 

944.0 

943 . 

417 . 

32 . 

5.99 

0.01016 

25 

108.5 

108.5 

0.00 

108.5 

108.5 

101 ./ 

101.4 

33.3 

5.5 

5.99 

0.1009 

25 

973.0 

973.0 

0.00 

97.3 

97.3 

967 . 

967 . 

231 . 

39 . 

5.99 

0.2008 

25 

1847 . 

1847 . 

0.00 

92.28 

92.28 

1840 . 

1840 . 


73 . 


*A equivalent conductance. 

Y (specific conductance of salt in gelatin) — (specific conductance of gelatin), 
fc — y « (specific conductance of aqueous salt solution) — F ; or decrease due to 
presence of gelatin. 

A — 1/ 

— — «. decrease per gram of gelatin in 100 g. of sol. 

c 

who detennined the conductivity of hydrogen chloride, sodium hydroxide, 
and sodium chloride in sols and gels of gelatin. 

With this background of comparative data, the following determinations 
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have been made: First, the conductance of the purified salts was deter- 
mined and compared with the values given by the International Critical 
Tables and by Kohlrausch and Holbom. The agreement was satisfactory 
(within 0.1 per cent) and checked the purity of the salts and the experi- 
mental method used. 

Table 3 gives the results obtained for potassium chloride of concentra- 
tions from 0.001 N to 0.5 N in several gelatin sols and gels. These results 
for 25‘’C. are shown graphically in figure 3. The equivalent conductance 
curves of potassium chloride in gelatin sols and gels follow those of potas- 
sium chloride in aqueous solutions in general, and have about the same 
slopes. The presence of gelatin causes a decrease in conductance, however, 



4 5 6 


Leo VOL’JML 

Fig. 3. Equivalent conductance of potassium chloride in gelatin sols and gels 


and this decrease is greater as the gelatin content increases. The conduc- 
tivity was also the same in the gel as in the sol state down to salt concen- 
trations of 0.01 N to 0.001 N. Here the equivalent conductance was 
slightly greater in the sol than in the gel state. However, at this low salt 
concentration the conductance of the gelatin itself becomes an appreciable 
factor. If the specific conductance of pure gelatin is subtracted from the 
total specific conductance, these differences between the sol and the gel 
state are practically removed. It will be recalled that the conductance of 
pure gelatin in the sol state was greater than in the gel state, and this differ- 
ence accounts for the spreading of the sol-gel curves at low salt concen- 
trations. 

The fact that the conductance of potassium chloride in gelatin sol and 
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gel is the same is interpreted by us as meaning that the ions move with equal 
freedom in both cases. The only difiPerence is that in the sol state the gel- 
atin particles move also, while in the gel state their movement is more 
restricted. Evidently in the sol state there are large interstices between 
the gelatin particles which permit the movement of ions, and during the 
setting process these particles orient themselves in such a way that a rigid 
system is produced, but the interstices are not thereby reduced to a great 
extent. These data, we believe, are again evidence for the “brush-heap” 
or fibrillar theory of gel structure, in which both phases are considered 
continuous. 

The temi)erature coefficient of the specific conductance of potassium 
chloride in gelatin (both sol and gel are the same) over the limited range of 
25®C. to 30°C. is given in table 4. 

The temperature coefficients of conductance for gelatin sols are of the 
same order of magnitude as those for aqueous solutions. This is in agree- 


TABLE 4 

Temperature coefficient of specific conductance 


CONCENTHATION 
OF OBLATXN 


per cent 

4.58 

4.63 

8.31 

0.00 


0.01 N KCl j 

0.1 N KCI , 

0.5 N KCl 

1 

1 

0.000240 ! 


0.0000270 ! 

0.000100 1 

0.00055 

0.0000247 i 

0.000194 i 

0.00087 

0.0000278 ! 

0.000242 ! 



ment with the work of Arrhenius (1) on salts in gelatin. Indeking (14) 
found that the temperature coefficient was no longer independent of 
concentration at high gelatin concentrations (50 per cent). There is a 
slight tendency, as shown in the data presented in table 4, for the tempera- 
ture coefficient to decrease with increasing gelatin concentration. Since 
the loss of fluidity due to gelation has been shojvn not to affect the con- 
ductivity, the change in viscosity at 25®C. and 30®C. could not account for 
this. However, if ion adsorption on gelatin micellae occurs, it is possible 
that these ions are not freely liberated at higher temperatures; conse- 
quently, as the gelatin concentration increases, the temperature coefficient 
becomes lower. 

Further infonnation which may be interpreted as bearing upon ion 
adsorption was obtained by using solutions of potassium thiocyanate in 
gelatin, and comparing the decrease in conductivity in gelatin with the 
decrease in potassium chloride sols and gels. The last three values of 
table 3 were a preliminary attempt to investigate this point, where it was 
found that (fc — y)/C (the decrease in specific conductance per unit concen- 
tration of gelatin) showed that a greater decrease occurred in the thio- 
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cyanate solutions containing 5.99 per cent gelatin than for potassium 
chloride solutions containing 8.31 per cent gelatin. This suggested a more 

TABLE 5 


The specific conductance of aqueous potassium chloride and potassium 
thiocyanate solutions at 


SALT CONCXMTRATION 

... 

SPBCZPXC ! 
CONDUCT- 1 
ANCB ■* k } 

A 

DENSITY 

VehtiiO* 

i »7et 

1 

Water 

mhos X 10* 


0.9902;g 

1.0000 

i 

i 0.00597 

0.00496 N KCl 

99.30 ‘ 

198.6 

0.99025 

0.9982 

0.00596 

0.00989 AT KCl 

196.3 

196.3 

0.9905 

0.9930 

1 0.00593 

0.04944 AT KCl 

' 917.5 ’ 

183.5 ' 

0.9924 1 

0.9993 

: 0.005955 

0.09875 AT KCl 

1742. 

174.2 

0.9948 

1.0027 

: 0.00599 

0.00495 AT KSCN 

91.35 

182.7 

, 0.9900 

1.0012 

0.00598 

0.00988 A^ KSCN 

180.5 

180.5 

0.9897 

' 1.0005 

0.00597 

0.04932 N KSCN 

849.5 : 

169.9 

0.9906 

: 1.0034 

0.00599 

0.09835 AT KSCN 

1627. 

162.7 

0.9936 

1.0070 

0.00603 


* Relative viscosity, 
t Absolute viscosity. 


TABLE 6 

The specific conductance of potassium chloride and potassium thiocyanate in 4,6 per cent 

gelatin at 45°C* 


BPBCIKIC ^ 1- ~ f# ' 

SALT CONOENTRATION CONDUCT- A ! Y A f. w ■ OMNSITT ' ^ g / Ve 

ANCF . ; , , 

mkoa mhos , 

' X 10* X 10* > j 

4.5 per cent gelatin 9.02 ! 1.0040; 4.600 ‘0.02745 

0.00502 A' KCl 92.12:184 2 83.1 166.2 J6.2 1.0040' 4.634 0.02778 

0.01003 AT KCl .. .. 177.6 177.6 168.6 168.6 27.7! 1.0040 4.754 0.02838 

0.05015 A’ KCI . . . 811.5 162.3 802.5 160.5 115. 0; 1.0067: 4.874 |o. 02910 

0.1000 AT KCl 1559. ^ 155.9; 1550. 155.0, 192.0' 1.0075: 5.007 jO. 02991 

0.00502 AT KSCN ' 83.22 166.4 74.2 148.4, 17. 1 ! 1.0040: 4.628 jO. 02763 

0.01003 JV KSCN 160.5 160.5 151.5 151.5 29. Oj 1.0040j 4.621 jO. 02759 

0.05006 JV KSCN 737.0 : 147. 4 i 728.0 145.6' 121.5; l.OOOOj 4.741 |0. 02831 

0.998 AT KSCN 1437. ^ 143.7 1428. . 142.8: 199.0; I.OO80' 4.891 |0. 02920 


♦a » equivalent conductance. 

Y « (specific conductance of salt in gelatin) — (specific conductance of pure 
gelatin). 

Ae ** equivalent conductance calculated from Y. 
k ^ y wm (specific conductance of salt in water) — F ; or decrease due to presence 
of gelatin. 

lit ■« absolute viscosity of electrolyte-gelatin system. 


extended study of thiocyanate and chloride solutions at a lower concen- 
tration and at a temperature well above the setting point of such systems. 



610 


ROBliRT TAFT AND LLOYD X. MALM 


Table 5 ^ves the data on aqueous solutions at 45°C. Table 6 (see also 
figure 4) gives data on 4.5 per oent gelatin-salt solutions and includes 
viscosity and density data as well as conductivity readings. 

The Hofmeister series is common to a variety of phenomena in colloidal ' 
chemistry, crystalloidal chemistry, and biology. The thiocyanate ion 
occurs at that end of the Hofmeister series where the ions have the ability 
to peptize negatively charged emulsoids, decrease the time of gelation, 
enhance swelling, etc. The chloride ion is located somewhat nearer the 
other end of the series. Column k — y of table 6 shows the decrease in 
conductivity of potassium chloride and potassium thiocyanate due to the 
presence of 4.5 per cent gelatin. The decrease is approximately 5 per cent 



3.5 40 4J) 50 5b 40 45 50 55 

Log Volume. 

Fio. 4. Equivalent conductance of 4.5 per cent gelatin-salt solutions 


greater for the thiocyanate than for the chloride ion. The viscosity data 
show that the viscosity of gelatin-potassium thiocyanate sols was less than 
that of gelatin-potassium chloride sols by about 3 per cent over the range 
of salt concentrations; consequently this factor cannot account for the 
peculiarity in the case of potassium thiocyanate sols. A possible explana- 
tion may be obtained by assuming that the thiocyanate ion is more strongly 
adsorbed on the gelatin micellae than the chloride ion and consequently 
fewer ions are left free to act in the conduction process. The ions adsorbed, 
of course, are not completely bereft of conducting ability, for upon adsorp- 
tion they would then possess the velocity of the gelatin particles. This, 
however, is appreciably lower than for the ampler inorganic ion. Adsorp- 
tion of ions would, however, increase the charge on the colloidal particle, 
and this would tend to increase the velocity of the particle. Thus it is 
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necessary to assume that adsorption has not proceeded to such an extent 
that the mobility of the colloidal particles has become equal to ionic 
mobility. 

CONCLUSIONS 

The fact that the change in electrical conductivity with time in the sol- 
gel transformation is gradual and regular is in agreement with other data 
on this transformation (19, 23, 4). This leads to the conclusion that the 
process involved in the formation of the gel structure is not a discontinu- 
ous one, such as crystallization would require, but is a gradual coagulation 
of particles. When gels were caused to set rapidly at lovr temperature, 
they melted more readily than those which set slowly, which may be due 
to the fact that the process of building up chains of particles had not pro- 
ceeded to completion. It is probable that the two phases present in the 
gel state are not greatly different from those present in the sol state. The 
micellae as one phase are richer in gelatin content than the intermicellar 
phase. According to Bungenberg de Jong (8) the charge and hydration 
of the particles are not uniformly distributed over the surface of each 
particle but are localized in different areas. Removal of either charge or 
hydration would result in gel formation. 

It appears probable that gelatin micellae are the chief conductors of the 
current in the system ash-free gelatin-water. The small decrease of 
conductance upon gelation is interpreted as meaning that the liquid phase 
is still continuous in the gel state, the process of conduction changing from 
cataphoresis to electroendosmosis. In order to account for the rigidity of 
the gel, it is assumed that the gelatin phase is also continuous. The con- 
ductivity data therefore, in our judgment, support the fibrillar theory of gel 
structure. 

The identity of conductance of the various salts contained in the sol and 
gel states of gelatin also indicates that the gel structure cannot be of the 
discontinuous phase or honeycomb type. It is evidence again for a struc- 
ture of the fibrillar type, in which the spaces betw^een the fibrils are of 
sufficient size to allow the ions to travel with nearly the same freedom in 
the gel as in the sol state. 

The decrease in the conductance of salts, owing to the presence of the 
gel-forming substance, is probably due to several factors. The most 
important of these, w’c believe, are adsorption of ions by the gel-forming 
substance and the increased resistance or increase in length of path that 
the ions must take, owing to the presence of the relatively huge gelatin 
micellae. 

SUMMARY 

1. The electrical conductance of ash-free gelatin in both the sol state and 
the gel state has been determined at 25®C. and at 30®C. Conductance 
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measurements were also carried out during the sol-gel transformation at 
constant temperature. In the cases studied, no abrupt change in con- 
ductance is observable when gelation takes place. There is, however, a 
gradual decrease in conductance during gelation, the maximum decreases 
in conductance lying between 4 and 8 per cent. 

2. The electrical conductance of potassium chloride and of potassium 
thiocyanate over a considerable range of concentrations, when present in 
gelatin sol and gel, has been determined at several constant temperatures. 
The conductance of the electrolyte is appreciably lower in the presence of 
gelatin, but is approximately the same in the sol and the gel state, save at 
very dilute concentrations of electrol 3 rte. Potassium thiocyanate shows 
a relatively greater decrease in conductance in the presence of gelatin than 
does potassium chloride. 

3. Our results are interpreted as evidence for (a) the fibrillar structure 
of gelatin gels and (&) the greater adsorption of thiocyanate ion than of 
chloride ion by gelatin. 
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I. INTRODUCTION 

In a previous paper (15) the lyotropic action of electrol 3 rtes on the 
properties of hydrophilic colloids was discussed. Experiments on the 
adsorption of salts on methylcellulose and on the influence of salts on the 
solubility and on the sol-gel transformation of methylcellulose showed that 
the ions at the beginning of the lyotropic series, which are strongly ad- 
sorbed, have liquefying or peptizing properties, whereas the ions at the 
end of the series, which are weakly or, in fact, negatively adsorbed, have 
solidifying or precipitating properties (12). This behavior can be inter- 
preted in tenns of Katz’ theory (20, 21), according to which we have to 
distinguish in lyotropic action between an adsorption effect and a salting- 
out effect, the former being prevalent with the weakly hydrated ions at 
the beginning of the series, the latter with the strongly hydrated ions at 
the end of the series. The usual series are for the anions 

CNS", I“, Br“, NOs”, Cl“, acetate, tartrate, SO 4 — 
and for the cations 


Li+, Na+, K+, Rb+, Cs+ 

It is desirable to extend thb investigation to gelatin, because the lyotropic 
influence is most pronounced in this system. 

There have been many investigations on the influence of acids, bases, 
and salts on the swelling and on the precipitation of proteins, but very 
few on the adsorption of salts on isoelectric gelatin. Brief mention may 
be made of the lyotropic series in relation to the swelling of gelatin. It 
was in connection with this phenomenon, amongst others, that Hofmeister 
(17) first obtained an order of the effectiveness of ions. Whereas he 
measured swelling as the quantity of liquid taken up by the gel, the 
measurements of Freundlich and Gordon (5) were concerned with the 
determination of a thermodynamically reversible property, namely, the 

513 



514 


A. B. DOCKING) AND E. HETMANN 


swelling pressure. They investigated isinglass, a substance which is 
probably identical with collagen, and the following series was found: 
SO 4 — < F~ < Cl~ < NOi“ < I~ < CNS~. Most authors are agreed 
that the swellii^ process is a very complex one (22, 5). 

A process like the solubility or peptization of gelatin in salt solutions 
seems to be easier to interpret than swelling, but not many investigations 
of such processes are available in the literature. The next approach is 
the investigations of Wo. Pauli (26) on the influence of salts on the setting 
and the melting point of gelatin. He found a series very similar to that 
which was found later for the swelling pressure. The melting point was 
raised according to the series S 04 ~ ~ > tartrate > acetate, and lowered 
according to the series Cl~ < NOa“ < Br~ < I“. 

Adsorption of salts on gelatin has been determined in a few cases (26, 
4, 1),* but no systematic investigation, which allows a comparison between 
various salts, is available. 

It was the purpose of this investigation to measure the adsorption of 
various salts on gelatin, and also the influence of these salts on the pepti- 
zation of gelatin in water, in order to test the applicability of the theories 
put forward for an explanation of the lyotropic action. 

n. THE aELATIN 

It was desirable to carry out the investigation with absolutely dry 
gelatin. Drying was effected in an electrically regulated oven at 100® to 
110®C., constant weight being obtained after about 40 hr. This gelatin 
was used for most adsorption measurements. A number of experiments 
were carried out with imdried gelatin also, which contained approximately 
15 to 16 per cent of water, due allowance being made for this water content 
in the calculations of the adsorption. 

It was found that adsorption was in nearly all cases the same, no matter 
whether dried or undried gelatin was employed. The physical properties 
of the material were, however, very considerably altered by the drying 
operation. The dried gelatin was no longer easily soluble in hot water — 
it dissolved only partially after prolonged treatment for several days with 
water — ^nor did it swell to the same extent as the undried material. In 
short, the rirying operation made the gelatin more similar in properties 
to collagen. Hofmeister (19) observed as early as 1871 that gelatin was 
“converted” into collagen by heating to 130*C. Other authors prefer to 
call the insoluble dried gelatin “pseudocollagen.” This distinction is, 
however, most probably immaterial, since most investigators are today 
agreed that collagen is not chemically different from gelatin, and that the 
different physical properties are due rather to a difference in micellar 

*■ The experiments of these authors were carried out in mixtures of water and 
alcohol. A comparison of the adsorption in such mixtures with phenomena in 
aqueous systems is open to criticism. 
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and not in molecular arrangement (8, 9). The acid-binding capacity (29) 
and isoelectric point are the same (7) for gelatin and collagen, and the 
x-ray diagram of stretched gelatin is identical with that of collagen. 

The insolubility of the dried gelatin simplified the experimental pro- 
cedure considerably, since peptization was reduced to a minimum. With 
undried gelatin also the amount of peptization could be kept low by carry- 
ing out all experiments at 0°C. The peptization of imdried gelatin by 
many salt solutions has led to the abandonment by some investigators 
of adsorption and swelling experiments with gelatin. The use of dried 
gelatin should minimize the experimental difficulties without impairing the 
conclusiveness of the experiments. 

The material used for the experiments was “de-ashed gelatin'^ supplied 
by the Eastman Kodak Company. ^ It contained 15 per cent of moisture 
and 0.12 per cent of ash, calculated on dry weight, the ash consisting 
mainly of phosphates of calcium and iron; chloride and sulfate were 
present only in traces. This gelatin had been purified by a special process 
of washing at a low temperature with water at the isoelectric point, and 
was in flaked form. The pH was determined on a 5 per cent solution 
of gelatin in water and was found to be 4.7 to 4.8 by the Hellige comparator 
method using methyl red, and 4.8 by Michaelis^ nitrophenol method using 
7 -dinitrophenol ( l-hydroxy-2 , 5-dinitrobenzene) . This indicated that 
the gelatin was isoelectric. 


III. EXPERIMENTAL 

A, Adsorption 

Dry gelatin (6.000 Az 0.003 g.) was added to 100 ml. of the respective 
solution in a Jena bottle which had been previously steamed and dried. 
The bottle was sealed with a rubber stopper and kept for three to four 
days^ in a heavily lagged ice- water thermostat, during which period it was 
occasionally shaken. Afterwards the solution was withdrawn and ana- 
lyzed. As a consequence of the swelling of the gelatin only part of the 
original solution was recovered, 70 to 80 ml. in the case of the dried gelatin 
and 60 to 70 ml. in the case of the undried gelatin. 

Adsorption was determined at various concentrations of the following 
electrolytes: 


Potassium salts KCNS, KI, KBr, KCl, KNO., K,S04, KSC4H4O6, KC2H4O, 

Chlorides KCl, NaCl, LiCl, NH4CI, RbCl, CsCl, MgCl,, CaCb, SrCl„ 

BaClj, CuCb 

Sulfates KaS04, (NH4)2S04, MgS04, Li2S04, CUSO4 

Miscellaneous LiBr , Li I 


*We are very much indebted to the Eastman Kodak Company, through Dr. 
Lewis, for supplying us with a large quantity of this material. 

* It was ascertained that three days was a sufficient time for the attainment of 
equilibrium. 
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The salts used were the purest available, usually B.D.H. “Analar” or 
Merck “pro analjrsi." Lithium sulfate and lithium chloride were pre- 
pared from pure lithium carbonate, and cesium chloride from cesium 
nitrate. Cesium nitrate and rubidium chloride were only of Merck’s 
ordinary “pure” quality. Thiocyanates, iodides, and bromides were 
analyzed by the Volhard method, and copper salts by the iodimetric 
method. The ammonium salts were determined by adding excess sodium 
hydroxide solution to an aliquot of the solution, then boiling off the am- 
monia, and titrating the excess alkali with standard acid. The remaining 
salts were determined gravimetrically by evaporating a weighed amount 
of solution, converting to the sulfate, and igniting at 610“C. to constant 
weight. The Mohr method for chlorides was found unsatisfactory, as a 
small quantity of dissolved gelatin or its decomposition products in the 
solution interfered with the sharpness of the end point, owing to the 
peptizing action of traces of such substances on silver chloride. The 


TABLE 1 

pH values of various solutions after adsorption 


BOLimON 

pH 

SOLUTION 

pH 

Water 

4.6 

M/4 MgClg 

4.8 

2 M KCl 

5.2 

M/4 CaCls 

4.8 

M/3 KBr 

5.1 

m'/ 4 SrClj 

4 9 

M/10 KCiHiOj 

5.9 

M/4 BaCU. 

4.9 

M/b K 2 SO 4 

5.3 

M/2 (NH4)jS04 

5.2 

Af/4 LiCl 

4.9 

M/5 CuCU 

4.4 

M/4 NaCl 

4.9 



above gravimetric method gave more reproducible results. Blank deter- 
minations with distilled water gave only a small quantity of soluble 
impurity, viz., 0.003 g. per 100 g. of solution, and this correction was 
applied to each gravimetric analysis. 

The pH values of various solutions were measured before and after 
adsorption, by comparison with the Michaelis nitrophenol standards 
(table 1). With the exception of potassium acetate the pH of the solu- 
tions after adsorption was usually between 4.5 and 5.5, i.e., fairly near 
that of the isoelectric gelatin. Potassium acetate remained more alkaline 
(pH = 5.9). Obviously small amounts of dissolved gelatin or of decom- 
position products in the solutions after adsorption determine the pH. 
There is no evidence of appreciable hydrolytic a^orption. 

The adsorption values were calculated and tabulated in the same way 
as in the previous publication. The apparent adsorption o = c — c', 
where c and c' are molar concentrations before and after adsorption, is 
plotted against the molar equilibrium concentration (c'). Circles denote 
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experiments with dried gelatin, triangles those with undried gelatin. 
In general, the anions exhibit a greater range of adsorption than do the 
cations. With the acid radicals there is a very wide range from strong 
positive to strong negative apparent adsorption. With the potassium 
salts the order is: , 

CNS- > I- > Br- > NOa- > Cl" > CaHaO*- > CaHaOe" " = SOr - 

thiocyanate and iodide ion showing positive apparent adsorption at all 
concentrations, tartrate and sulfate ion exhibiting strong negative apparent 



Fio. 1. Plot of apparent adsorption, a, against molar equilibrium concentration, 
c'. O, experiments with dried gelatin; A, experiments with undried gelatin. 

adsorption (figure 1). This means, of course, that the true adsorption 
of sulfate and tartrate is either zero or, more probably, very small, whereas 
that of the ions at the beginning of the series is fairly large. The curves 
of apparent adsorption have the usual form. For the more strongly 
adsorbed salts they are convex upwards, i.e., the percentage adsorption 
diminishes arithmetically with concentration, often being at first positive 
then becoming negative. Some curves indicate a point of inflection at 
higher concentration, i.e., they tend to approach the abscissa. This is 
to be expected, since the relative effect of the amount adsorbed will 
become less when the concentration increases (cf. 15). The curves of the 
very strongly negatively adsorbed salts show an inclination towards an 




518 


A. R. DOCKING AND E. HETMANN 


asymptotic approach to the zero concentration. A comparison with the 
curves of more strongly adsorbed salts suggests that even with sulfates, 
which exhibit the strongest negative adsorption, the true positive adsorp- 
tion is probably not zero (cf. section IV A). The order of the various 
ions in some cases varies with increasing concentration; the curves for 
chloride and acetate ions intersect at low concentration, but the difference 
in the adsorption values is not very great. 

The lithium salts show the same order as the potassium salts 

lil > LiBr > liCl > LijSO* 

each being more strongly adsorbed than the corresponding pota s siu m 
salts (figure 2 ). 



c' 

Fio. 2 


Fia. 2. Plot of apparent adsorption, a, against molar equilibrium concentration, 
e', for lithium salts. O, experiments with dried gelatin ; A, experiments with undried 
gelatin. 

Fiq. 3. Plot of apparent adsorption, a, against molar equilibrium concentration, 
c', for alkali-metal chlorides. 

With the cations there is less separation between the magnitudes of 
adsorption. The order of the univalent chlorides is 

Li+ > NH 4 + > Na+ > K+ 

The positions of rubidium chloride and cesium chloride are obscure. They 
lie between potassium chloride and ammonium chloride, contrary to 
expectations (figure 3). 
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The isotherm of magnesium chloride is very similar to that of lithium 
chloride, whereas the other alkaline-earth chlorides are more strongly 
adsorbed (figure 4), the order being 

Ba++ > Ca++ > Sr++ > Mg++ 

The gelatin in barium chloride solutions — contrary to all other cases — 
becomes turbid. The adsorption in this case does not seem to be as com- 
pletely reversible as in all the other cases. After washing the gelatin 
with distilled water until no more chloride ion could be extracted, there 
remained an ash content of 0.16 per cent, as compared with 0.030 per 
cent of the original gelatin.^ It can be easily shown that this increase 
in ash content cannot be accounted for by a reaction of barium chloride 




Fig. 4 Fig. 5 

Fig. 4. Plot of apparent adsorption, a, against molar equilibrium concentration, 
c', for alkaline-earth chlorides. 

Fig. 5. Plot of apparent adsorption, o, against molar equilibrium concentration, 
c', for sulfates of potassium, magnesium, and ammonium. 


with the ash of the gelatin (calcium phosphate). With the alkali-metal 
salts and with copper salts, on the other band, the adsorption proved to be 
completely reversible. In an experiment with potassium thiocyanate the 
solution added to the dried gelatin contained 0.1998 equivalent. If the 
gelatin was washed ten times with distilled water, the combined wash 
waters plus the equilibrium solution contained 0.1993 equivalent. 

Strong negative adsorption is shown by the sulfates (cf. 4) of the alkali 
and alkaline-earth metals (figure 5). The isotherms lie fairiy close 
together. 

In contrast to its negative adsorption on methylcellulose, copper sulfate 

* A gelatin from a different batch, which contained less ash, was employed in this 
as well as in some other experiments. 
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is veiy strongly adsorbed on gelatin (figure 6). The curves may, however, 
not represent purely the adsorption and may be blurred by the Donnan 
effect (cf. section IV C). 

Generally, adsorption on imdried gelatin did not give results deviating 
from those obtained with dried gelatin, provided that in the calculations 
due allowance was made for the water content of the gelatin. Noticeable 
deviations occurred only with copper salts; very slight deviations, found 
in the case of potassium thiocyanate, are almost within the limit of ana- 
lytical error. Apart from the figures mentioned above, this is also shown 
in figure 7, representing experiments with a new batch of gelatin, which 



Fia. 6 


Fig. 7 


Fig. 6. Plot of apparent adsorption, a, against molar equilibrium concentration, 
c', for cupric chloride and cupric sulfate, o, experiments with dried gelatin; A, 
experiments with undried gelatin. 

Fig. 7. Plot of apparent adsorption, a, against molar equilibrium concentration, 
c'l for hydrochloric .acid, calcium chloride, potassium bromide, and potassium 
nitrate, using a new batch of gelatin, o, experiments with dried gelatin; A, experi- 
ments with undried gelatin. 


showed the adsorption of the various electrolytes in the same order as the 
old one but with slightly different absolute values. 

B. •^Solubility’' 

In most Interns lyotropic action is shown very clearly with regard to 
solubility, therefore the solubility of gelatin in various salt solutions at 
20°C. was determined. One gram of undried gelatin was added to 100 ml. 
of the solution in a 150-ml. bottle. Each solution was made by dissolving 
the salt in water so that the concentration was 0.26 mole of the salt in 
1000 g. of water. Thus the electrolyte was in eveiy case the same molar 
fraction. The bottles were then shaken in a thermostat at 20“C. for 36 
hr. After the settling of the gelatin the supernatant liquid was filtered 
off throui^ a cotton wool pad packed in a constricted glass tube connected 
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to a vacuum pipet. The gelatin in these solutions was analyzed by ni- 
trogen determinations according to Kjeldahl, the nitrogen content of the 
gelatin used being 18.04 per cent per dry weight. The method was 
standardized by determinations on acetanilide and blanks run on cane 
sugar. Since thiocyanates and nitrates contain nitrogen, the solubility 
of the gelatin in these solutions was determined by evaporating to dr3mess 
a weighed amount of filtrate, drying at 110®C. to constant weight, then 
converting into sulfate. The gelatin was then removed by ignition, and 
the percentage of dissolved gelatin could be computed by comparing the 
weight of the mixture of nitrate plus gelatin (constant at 110°C.) with 
that of the sulfate after the gelatin had been ignited. Table 2 shows the 


TABLE 2 

Solubility of gelatin in various salt solutions at BO^C. 


SOLUTION 

SOLUBILITY 

1 SOLUTION 

BOLUBILITT 


mg. per 


mg. per 


too grama 


100 grama 

Potassium salts: 


, Alkali chlorides: 


KCNS 

373 

; LiCl 

70 

KI 

267 1 

NaCl... 

69 

KNO, 

145 

KCl 

69 

KBr . ... 

78 

Alkaline-earth chlorides: 


KCl 

69 j 

; MgCl, 

85 

KjSOi 

41 i 

j CaClj 

104 

KCjHjO, ! 

38 1 

i SrClj, 

174 

Lithium salts: 

1 j 

j BaClj 

240 

Lil 

I 182 1 

• Miscellaneous: 


LiBr 

t 123 

! MgSOi 

38 

LiCl 

70 

i H,0 

51 

LisS04 

I 

j 



solubilities of gelatin in milligrams per 100 g. The solubility of gelatin 
in distilled water is 51.4 mg. in 100 g. at 20®C. 

The results for the solubility are only approximate. The accuracy is 
of the order of a few per cent, the discrepancies increasing with increasing 
solubility. This is not due to an analytical error, as the nitrogen deter- 
minations on acetanilide and on the original gelatin showed. The diffi- 
culty lies in the separation of the swollen gelatin gel from the solution 
after the shaking operation at 20‘’C. On filtration minute fragments 
of the swollen gelatin may be forced through the filter medium because of 
their* plastic nature. In addition, slight changes in temperature may 
affect the results considerably, since the “solubility” of gelatin increases 
enormously in the temperature range between 18®C. and 22®C. Below 
this range gelatin is practically insoluble; above it, its solubility soon 
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becomes very high. Both these factors would lead to high results; there- 
fore in the table the least value in any particular solution was taken as the 
nearest approach to the correct value. 

From the results it is seen that the solubility of gelatin is increased 
by the following cations in the order CNS~ > I" > NOj~ > Br“ > Cl~, 
and is decreased by SOr " and to a slightly larger degree by the acetate 
ion. The order is identical for the potassium and the lithium salts. 

The chlorides of the alkali metals lithium, sodium, and potassium 
increase the solubility to approximately the same extent. Thus, con- 
trary to expectations, no lyotropic influence is noticeable with the alkali- 
metal salts. 

Magnesium sulfate, like other sulfates, diminishes the solubility. 

The alkaline-earth chlorides greatly increase the solubility of the protein 
in the order 


Ba++ > Sr++ > Ca++ > Mg++ 

the solubility in the barium chloride solution being almost as high as 
that in a potassium iodide solution of the same concentration. 

IV. DISCUSSION 
A. The hydration of gelatin 

If it be assumed that ammonium sulfate and magnesium sulfate, which 
show the strongest negative adsorption of all electrolytes under investiga- 
tion, are not actually adsorbed, i.e., that the negative apparent adsorption 
is due entirely to the water being taken up by the adsorbent, it is possible 
to calculate approximately the hydration of the gelatin. The greatest 
negative apparent adsorption is found with M/\ magnesium sulfate and 
M/1 ammonium sulfate (cf. figure 5) to be of the order of 4 per cent. 
The amount of water adsorbed by 6 g. of gelatin from 100 ml. of solution 
is therefore 4 g. Thus the hydration at O^C. becomes about 60 to 70 
per cent, calculated on the dry weight. This represents a minimum value, 
as the above-mentioned sulfates may show slight positive adsorption. 
Moreover, at room temperature and in the absence of salt, the hydration 
of gelatin may be different. Since the curves for the dried gelatin (pseudo- 
collagen) coincide with those for the undried gelatin, we may assume that 
both are hydrated approximately to the same amount. 

Corresponding values for the hydration of gelatin obtained by other 
methods are; (1) 55 per cent, from the amount of water that cannot be 
frozen in the jelly (23); (£) 44 to 51 per cent, from the amount of water 
that is not free to hydrate cobaltous chloride (10) ; (3) 50 to 55 per cent, 
from the minimum amount of water present in the gelatin, which causes 
the volume contraction on swelling in water to be reduced to zero (14). 
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B, Adsorption 

The contraction of the total volume which occurs when gelatin swells 
or dissolves in water is evidence that water is adsorbed by the gelatin. 
The water of this hydration layer has a higher density than the free water. 
Thus the adsorbed water is under a high internal pressure, which is due 
to the polarizing effect of the polar groups of the protein molecule on the 
water dipoles. If also a solute be present, the adsorbed water may no 
longer act as a solvent. If little or no solvent is adsorbed by the gelatin 
particles, the concentration of the solution will increase and negative 
apparent adsorption will result. How^ever, in most cases at least, the 
electrolyte is, in fact, also adsorbed by the gelatin; otherwise zero or posi- 
tive adsorption would be impossible. The adsorbed electrolyte will 
modify the properties of the gelatin. It may do this itself or through the 
extra water of hydration (the ions of the electrolyte being hydrated) 
which it carries onto the protein, tending to increase its dispersion. This 
is the direct effect. The solute not adsorbed also has an effect which is 
indirect^ in that the ions in solution will enter into competition with the 
colloidal particles for the (osmotic) water at their disposal. 

The direct (adsori^tion) effect is that proposed by Katz (20, 21) to 
explain the lyotropic action in the cases of ^‘salting in^' (i.e., increase of 
solubility) by iodide's and thiocyanates. The indirect effect is the “salt- 
ing-out” ('ffect (i.e., decreavse of solubility), well known from the investiga- 
tions of Hofmeister (17). 

The (indirect) salting-out effect operates at all times, the influence 
being more pronounced with increasing concentration. If no salt, or 
very little, is adsorbed, tlien mainly this effect operates. This is shown 
by the magnesium, potassium, and ammonium sulfates, which show' strong 
negative adsorption. They all depress the solubility of gelatin; moreover 
they are well-knoivii protein precipitants. 

The (direct) salting-in effect is evident with the increase of solubility 
of gelatin in solutions of thiocyanates and iodides. These salts show 
strong positive adsorption. The adsorbed ions carry with them their 
water of hydration, which has a ‘‘liquefying” or “dispersing” effect on 
the protein. 

The order of adsorption is: 

CNS- > I~ > Br- > NOs- > Ch > C2H302~ > C4H406--“ = SOr~ 

which may be compared with the order of the influence on the solu- 
bility, viz.j 

CNS- > I- > NOs” > Br- > 01“ > SOr^ > C2H802“ 



524 


A. B. DOCKING AND B. HBTMANN 


The negatively adsorbed sulfates and acetates depress the solubility of 
gelatin. On the other hand, the strongly adsorbed iodides and thio- 
cyanates increase the solubility by several hundred per cent. 

There is fair agreement between the two series, thus supporting Katz’ 
theory. The series with regard to adsorption also agrees well with that 
obtained by Freundlich and Gordon (5) for the swelling pressure of isin- 
^ass. With regard to the interchange of nitrate and bromide it may be 
pointed out that it occurs also in some other phenomena, e.g., the influence 
of salts on the “melting point” of methylcellulose (12) and on the shrinking 
of collagen (21), the order in both cases being: 


CNS-, I-, NO,-, Bi^, CIO,-, C1-, C,H,02-, SOr- 

The chlorides of the univalent metals show increasing adsorption on 
gelatin according to the series 

K+ < Na+ < Li+ 

This does not, however, make itself felt with the solubility of gelatin in 
solutions of these metals, since the solubility is the same in all the three 
cases. 

The influence of the alkali cations on the swelling pressure of collagen 
(isinglass) is opposite to expectations, the strongly adsorbed lithium 
chloride depressing the swelling pressure strongly and more than the 
weakly adsorbed potassium chloride (5), In the case of the anions, on 
the other hand, the strongly adsorbed thiocyanate and iodide show, as 
would be expected, a strongly increasing effect on the swelling pressure (a-). 
The discrepancy with regard to the cations may, however, disappear if 
the swelling pressures at low concentrations (c), for instance, at unit 
concentration (n-o) be compared. The slope of the log jr-log c curves is 
different for the three salts lithium chloride, sodium chloride, and po- 
tassium chloride, the exponent (K) in the Freundlich-Posnjak equation (6) 

TT =s ITQ'C 

varying from 2.9 to 4.0. An extrapolation of the log x-log c curves to 
low concentrations would make the curves intersect and thus reverse the 
order of the swelling pressures. Since, for experimental reasons, the 
swelling pressures have to be measured at high concentrations of the jelly, 
Freundlich and Gordon have not extrapolated their x values to xo, because 
of the uncertainty of such an extrapolation. 

The bivalent alkaline-earth chlorides increase the solubility in the order 


Mg^ < Ca-H- < Sr++ < Ba'++ 
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This is not quite the order of adsorption, which is 

Mg+-»* < SrH- < Ca++ < Ba++ 

still Mg^ and Ba"^ are antipodes in both cases. However, the difference 
in adsorption between Ca++ and Sr++ is only slight. 

The lyotropic series obtained for the adsorption of the anions agrees 
on the whole with the order expected from the hydration of the ions and 
from their influence on other phenomena. The adsorption increases with 
decreasing energy of hydration, at least so far as the hydration values 
are known (cf. 15). The same applies to the alkaline-earth ions, where 
the amount of hydration decreases from Mg"^ to Ba*^"*" (31), the relative 
values being 14 (Mg++), 10 (Ca*^), 8 (Sr-^), and 4 (Ba"^). The adsorp- 
tion, in accordance with expectations, increases from magnesium to barium. 

The alkali cations, on the other hand, show the opposite behavior. 
Here the adsorption increases from potassium to lithium, i.e., with in- 
creasing hydration of the ion, the relative hydration numbers being 5.4 
(K*^), 8.4 (Na^), 14 (Li"*"). This behavior is opposite to what would be 
expected on the basis of the discussion in our previous publication, and 
we are not able at present to provide an explanation for this anomaly. 
However, as pointed out previously, the energy of hydration is only one 
factor determining the adsorption of an ion. The second factor is the 
specific affinity between the ion and the adsorbent, which is in the present 
case very difficult to assess. 

Copper salts, like hydrochloric acid, are bound to a very great extent 
at low concentration, the percentage adsorption here^ being greater than 
with other salts (cf. figure 6). It is of interest to note that the maximum 
combination of cupric chloride and cupric sulfate is a little greater than 
0.04 equivalent for 6 g. of gelatin. The combining power for hydro- 
chloric acid is approximately 0.045 equivalent per 6 g. of gelatin. This 
similarity indicates a stoichiometrical relation and suggests a chemical 
nature of the adsorption process in the case of these electrolytes, thus 
supporting Northrop's and Kunitz' experiments and conclusions (24). 
Heavy-metal combinations vith proteins have been demonstrated in 
many cases (cf. 16, 25, 27, 28). Also with alkali and alkaline-earth salts, 
the nature of the adsorption may be due to a chemical interaction between 
the ions of the salt and the respective groups of the protein ampholyte 

[+NH8].— R— [CX)0~]y 

However, the heat of combination is very small indeed (13). 

Another possible type of combination is that consequent upon the 

* The isotherms of the copper salts are initially much steeper than those of the 
other salts. 
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hydrolysis of the salt, whereby either the acid or the base produced, or 
both, may be adsorbed. This actually occurs with some heavy-metal 
salts, e.g., ferric chloride and aluminum chloride, as demonstrated by the 
strong negative heat of the processes in these cases (13). The negative 
heat is due to the hydrolysis of these salts. No evidence, however, for a 
hydrolytic adsorption was found in the case of alkali and alkaline-earth 
salts, the pH after adsorption being virtually that of the isoelectric gela- 
tin. Moreover, no negative, but a small positive, heat was found with 
alkali and alkaline-earth salts (13). 

C. Donnan equilibrium 

In all cases in which reactions of protein jellies with electrolytes are 
investigated, the possibility of Donnan equilibrium effects must be taken 
into account. If one of the ions of the electrolyte C+A~ be more strongly 
adsorbed than the other, e.g., the metal ion (C+), an ion GC+ (G = gelatin) 
may be formed, which, being part of the jelly, is not diffusible. This 
will result in an unequal distribution of the electrolyte C+A" between 
jelly and solution, its concentration in the solution being higher than in 
the jelly. In our adsorption experiments the electrolyte concentration 
in the free liquid is measured, and the apparent adsorption is calculated 
from the difference between the concentration of the original and that 
of the free liquid (outside the gel) after the establishment of equilibrium. 
It is tacitly assumed that the concentration of the free, i.e., not adsorbed, 
electrolyte is the same in the imbibed and in the free liquid. As a conse- 
quence of the Donnan effect, however, the concentration of the free liquid 
outside the gel may be larger than that of the imbibed liquid, and therefore 
the apparent adsorption, as calculated in this way, will appear to be smaller 
than it really is. 

A Donnan correction, however, will be appreciable only if two condi- 
tions are simtiltaneously fulfilled: 

(Jf) Appreciable positive true adsorption. Where there is zero or nega- 
tive apparent adsorption, no Donnan correction need be expected. (2) 
Unequal adsorption of cation and anion. Of the investigated electrolytes, 
potassium thiocyanate, potassium and lithium iodides, and the copper 
salts are fairly strongly adsorbed, but only in the case of hydrochloric 
acid and of the copper salts is there evidence for an appreciable unequal 
adsorption of cation and anion. This was inferred by Northrop and 
Kunitz (24) from the determination of the membrane potential. For 
alkali-metal salts no such effects were found. It is true that some alkali- 
metal salts alter the isoelectric point of proteins, but this may be due 
merely to the influence of interionic forces on the respective dissociation 
equilibria, and thus is not sufiScient evidence for the existence of unequal 
adsorption of anion and cation. Hence an appreciable Donnan effect is 
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improbable even with strongly adsorbed salts, like thiocyanates and 
iodides. 

It would, of course, be desirable to determine experimentally whether a 
Donnan effect exists in the case of the more strongly adsorbed ions. 
Procter and Wilson (30), in their experiments on the system gelatin- 
hydrochloric acid, determined the hydrochloric acid concentration in 
the imbibed liquid by de-swelling the swollen jelly in a concentrated salt 
solution. Such a procedure is feasible in the system gelatin-hydrochloric 
acid, since no displacement of the chemically bound hydrochloric acid 
by the salt need be feared. In our case, however, a displacement of the 
adsorbed salt by the salt of the concentrated de-swelling solution may 
easily occur, and therefore this procedure would give misleading results. 

It was found with the strongly adsorbed copper sulfate that the equilib- 
rium concentration in the free liquid was slightly different when undried 
gelatin was used instead of the dried material. Also the amount of swelling 
is different. In the first case only 20 to 30 ml., in the second case 40 to 50 
ml. (of the total 100 ml.) was imbibed. A discussion of the effect of the 
amount of swelling on the equilibrium concentration in the free liquid 
(at constant total volume of the system) on the basis of the elementary 
theory of the Donnan equilibrium (2) shows that the concentration of the 
free liquid, and thus the calculated apparent adsorption, are not appre- 
ciably influenced by the ratio of free liquid to imbibed liquid. Thus it 
would appear at the outset that the difference in apparent adsorption 
between the dried and the undried gelatin is not related to a possible Don- 
nan effect. However, a discussion on the basis of the elementary theory 
assumes complete dissociation of the hypothetical colloidal electrolyte, 
and thus neglects the probably very appreciable decrease of the activity 
coefficient with increasing concentration of the hypothetical colloidal 
electrolyte in the jelly. Assuming that its activity coefficient varies 
with the degree of swelling, and considering the general condition for 
equilibrium,® 

(/cwic). X (/aWa). = (/cw»c). X (/aWa). 

the concentration of the electrolyte in the free liquid will alter with vary- 
ing degree of swelling. Moreover, F. G. Donnan and E. A. Guggenheim 
(3) have shown that a rigorous theory has to consider the ratio of the par- 
tial molar volumes of solute and solvent. This also will alter with varying 
degree of swelling. 

Summing up, the differences in apparent adsorption of copper sulfate 
between dried and undried gelatin may be due to a Donnan effect, con- 

•/c and /a are activity coefficients of cation and anion, respectively, me and 
iwa are molalities of cation and anion, respectively. The indices g and I denote gel 
and free liquid, respectively. . 
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sideling the rigorous theory. On the other hand, the possibility that 
undried gelatin, perhaps as a consequence of its looser micellar arrange- 
ment, has groups available for adsorption or chemical combination which 
the dried gelatin '(pseudocollagen) lacks, cannot be disregarded. This 
would make itself felt more with a stron^y adsorbed salt, like cupric 
sulfate, than with others which are only weakly or negatively adsorbed. 

K. Hess, C. Trogus, and O. Schwarzkopf (11) investigated whether a 
Donnan effect existed in the equilibrium between cellulose and sodium 
hydroxide solution. The imbibed solution was recovered by pressing. 
No difference in concentration was found between the imbibed liquid and 
the free liquid.’ The adsorption of various salts on cellulose is at present 
being investigated in this laboratory by G. C. McKillop. It is easier 
in this system to determine directly the electrolyte concentration in the 
imbibed liquid than it is in the case of gelatin. Preliminary experiments 
with potassium thiocyanate reveal the absence of a Donnan effect, although 
the adsorption of this salt on cellulose is appreciable. 

SUMMARY 

1. The adsorption of various neutral salts on isoelectric gelatin has been 
studied and the following series obtained: 

(a) Potassium salts: CNS" > 1“ > Br" > NOs" > Cl" > C2Hj02“ > 

C 4 H 40 r- = sor- 

(b) Lithium salts: I~ > Br~ > Cl“ > S 04 "~. 

(c) Alkali salts: Li+ > NH 4 + > Na+ > K+. 

(d) Alkaline-earth salts: Ba++ > Ca++ > Sr++ > Mg^^". 

The differences between the cations is less marked than those of the alkali 
salts i iodides and thiocyanates show the strongest positive adsorption. 
Strong adsorption is also found with copper salts. The sulfates of am- 
monium, magnesium, potassium, and lithium show the strongest negative 
adsorption. 

2. Experiments were carried out with undried gelatin as well as with 
the dried substance (pseudocollagen). With all salts, except cupric 
sulfate, identical results were obtained. 

3. The solubility of gelatin is decreased by potassium sulfate and 
potassium acetate and increased by the other potassium salts in the order 
Cl~, Br", NO»~, CNS~. Magnesium, calcium, strontium, and barium 
chlorides increase the solubility in this order, the solubility in barium 
chloride solution being fairly large. Thus adsorption and solubility data 
show the relation that would be expected. On the other hand, contrary 

’ The same result was obtained with sodium chloride. This experiment, however, 
is not quite conclusive, since, according to our experience, sodium chloride is nega- 
tively adsorbed on cellulose and therefore no Donnan effect can be expected with 
this salt. 
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to expectations, the solubility of gelatin in solutions of all alkali-metal 
chlorides is the same. 

4. From the negative adsorption of sulfates the minimum hydration 
of gelatin is calculated as 0.6 to 0.7 g. of water per gram of gelatin. 

5. The lyotropic action of salts on gelatin, as composed of an adsorption 
effect and a salting-out effect, is discussed with regard to adsorption, 
solubility, and swelling pressure. Like the experiments on methylcellu- 
lose, those on gelatin show that Katz^ theory is generally a satisfactory 
basis for explanation, although a number of features still remain \m- 
explained. 

6. The possible influence of a Donnan effect on the determination of 
adsorption is discussed. 
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The amount of ionization produced by radiation in the gaseous phase can 
easDy be measured. It is much more difficult to determine directly the 
ionization produced in liquids, but it can be estimated from the number of 
ions found in air, although the ionization potentials are different. In 
aqueous solutions chemical reactions of the solute may occur, and the 
number of molecules changed is usually of the same order of magnitude 
as the estimated number of ions or activated molecules (6) produced in 
the solution (mainly in the solvent) by the radiation. As this number of 
molecules is usually a very small proportion of the total number of mole- 
cules, difficulties are encoimtered in the measurement of the chemical 
changes produced. 

A study of the effect of roentgen and ultraviolet rays on straight-chain 
saturated hydrocarbons has been carried out. A very sensitive method 
of determining that chemical reactions took place was first discovered 
and utilized (9). If a drop of the unirradiated oil is placed on a clean 
water surface it forms a lens occupying a certain small area. A drop of 
the same volume, from oil that has been irradiated in the presence of 
oxygen, spreads over a larger area, and the size of the interface is larger, 
the greater the exposure of the oil to roentgen or ultraviolet rays. It 
seemed evident that this was due to the formation of fatty acids or other 
hydrophilic types of molecules (7, 1). Drops of irradiated oil placed on 
a water surface spread to certain areas because some of the oxidized oil 
molecules go to the water-oil interface. The area covered by such an 
oil drop gives information concerning the quantity of hydrophilic mole- 
cules present in the oil. 

The amount of different products formed is too small to permit ordi- 
nary chemical analysis to be performed with much accuracy. In order 
to obtain some information concerning these products the following 
methods have been utilized: (f) Determination of the change in the ab- 
sorption spectrum in the ultraviolet region and comparison with the 
absorption caused by the addition of minute amounts of known compounds 
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to the oil. {2) A study of the behavior of oil drops on water under differ- 
ent conditions. (5) Determination of unsaturation and acidity by regular 
chemical methods. 


ABSORPTION SPECTRA 

A heavy mineral oil^ having the trade name ‘‘Bacor^ was irradiated by 
x-rays or ultraviolet light. The x-ray irradiation was carried out inter- 
mittently, the oil being irradiated by a 200 KVP, 30 milliamperes ma- 
chine, with no filtration, and only during times when the machine was 
being used for purposes of treatment. The intensity of the radiation 
was 460 roentgens per minute at the position of the oil while it was being 
irradiated. The oil was irradiated in half-filled test tubes. Usually 
about 6 hr. of irradiation were given per day. A quartz mercury lamp 
of the Cooper-Hewitt type was used for the ultraviolet irradiation. The 
lamp operated at about 50 volts and 4 amperes. Except for experiments 
in which the oil was placed in a quartz container to be evacuated and 
later sealed from the atmosphere, the oil was irradiated in open Pyrex 
culture dishes. These dishes were about 10 cm. in diameter, contained 
50 ml. of oil, and were placed 30 cm. from the arc. The most effective 
part of the ultraviolet spectrum in producing chemical changes in the 
oil is below 2800 A., although changes in the composition of the oil due 
to irradiation by sunlight have been observed. 

Absorption curves were obtained by means of a Judd-Lewis sector- 
photometer and a Hilger spectrograph. The continuous spectrum of a 
hydrogen arc was used as a light source. The absorption spectra were 
usually determined about 24 hr. after the irradiation. No changes in 
the absorption, as a function of the time since irradiation, were noted. 
An absorption spectrum of unirradiated oil used in these experiments, 
after the oil had been filtered through properly prepared fuller’s earth, 
is shown as curve A of figure 1. The filtration decreases considerably 
the absorption in all regions, but cannot reduce the maxima at 2700 A. 
much beyond that shown in the figure. The extinction coefficient, 
K — \ logiolo//, at these maxima changed from approximately 2 be- 
fore the filtration to about 0.6 after filtration. This absorption band is 
probably due to impurities in the oil. These impurities have little effect 
on the products formed by irradiation, as the measured changes were 
the same whether or not the oil had been purified by filtration. When 
absorption work was carried out it was necessary that the initial absorp- 
tion of the oil be as small as possible, so as not to mask the effects of 
irradiation. ' 

^This oil is also known as '^Medico! 4A” and may be obtained from the Sher- 
wood Petroleum Company, Minneapolis, Minnesota. The oil has a viscosity 
(Sayboit) of 315 to 325 at 100*^F. and a density of 0.882 to 0.892, and conforms to 
U. S. Pharmaceutical standards. 
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Curves showing the change of absorption of the oil due to irradiation 
with x-rays and ultraviolet light are given in figures 1 and 2, respectively. 
The curves indicate that the amount of material formed is not a simple 
function of the quantity of radiation incident upon the oil, but that the 



ZZOO 2400 Z600 2600 3000 3200 3400 A 

Fig. 1, Absorption curves of oil that has been irradiated with x-rays, 200 KVP 
and 30 milliamperes, 460 roentgens per minute. The oil was contained in half-filled 
stoppered test tubes while irradiated, 

quantity forms with increasing rapidity for the first periods of time and, 
in the case of the ultraviolet irradiation, approaches saturation. The 
effective quantity of x-ray dose was not as great as that of ultraviolet, 
and the time of irradiation was longer. No saturation appears in this 
case within the range of exposure used. The dose of x-rays needed for a 
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measurable change in absorption is about 60 kiloroentgens, which is very 
large. Of the many reactions taking place some, evidently, are chain 
reactions. The decrease in the rate of change of absorption, after long 
periods of irradiation, is attributed to the depletion of the absorbed 
oxygen in the oil and to polymerization of some of the unsaturates formed. 



2200 2400 2600 2800 3000 3200 3400 X. 


Fig. 2. Absorption curves of oil irradiated by ultraviolet while in open Pyrex 
culture dishes. 

In order to determine the effect of different gases above the oil and ab- 
sorbed in the oil during irradiation, the oil to be irradiated was placed in a 
quartz cell about 4 in. long and 0.5 in. in diameter. The cell contained 
about half its volume of oil. This cell containing the oil was evacuated 
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for several hours and the desired gas, — carbon dioxide, nitrogen, hydrogen, 
or oxygen, — ^was admitted at about atmospheric pressure, after which the 
cell was sealed and irradiated. Absorption curves of oil irradiated in 
this manner are shown in figure 3. An absorption curve of oil irradiated 
in this manner, but contained in an evacuated cell, is identical with the 
central curve of this figure. The only gas to take part in the reaction is 
oxygen. It is interesting to note that there is no additional absorption 



2300 2500 2700 2900 3100 A. 

Fio. 3. Absorption curves of oil containing different absorbed gases 


due to the unoxidized products formed in wave lengths longer than 2900 
A., and that the dijfference in absorption between the unirradiated oil and 
the oil containing gases other than oxygen, which is probably due to 
unsaturated imoxidized hydrocarbon molecules, reaches a maximum at 
about 2500 A. The additional absorption due to the oxidized oil has no 
definite long wave length limit where the absorption becomes negligibly 
small. There is little significant difference, as in^cated by the absorption 
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curves, between the products formed by x-ray or ultraviolet irradiation 
(figures 1 and 2), if curves of equivalent exposure are compared. The 
slightly steeper slope at 2800 k. for the x-ray irradiated oil might indicate 
a relatively greater absorption due to unsaturated molecules in the case 
of the x-rays than with ultraviolet irradiation. 
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Fia. 4. Absorption of ultraviolet light by stearic acid, caproaldehyde, oleic acid, 
and linoleic acid. 

Possible types of molecules that can result from irradiations of these 
sorts are extremely numerous. Mass spectrographic data obtained by 
Baker and Tate (2) show all possible disintegration forms of isobutane 
and »-butane, 'when the molecules are bombarded with electrons of about 
80 electron-volts energy. The products were observed as singly charged 
ions. All degrees of misaturation were found. As a gas under very low 
pressure was considered, only disintegration products were observed. In 
a liquid when a long straight-chain hydrocarbon is ionized, it may dis- 


T 


I , , , 

Absorption of UltroLVlolot 
A-3tearic Acid 

B- Coproic Atdohyde 

C~ Oleic Acid 
D- Linoleic Acid 

O'- Linoleic Acid (not conjugoted) 

D* Linoleic Acid (conjugated) 

in Concentrotiono of 1 : 1000 In 
^ Paraffin Oil 



fT 

'Ll 1 













I 

v\ 

s 





A’ 

0 

i 

(d \c 

' \ 

iA o . 


'4 

V" 





V' 


X 


j- 





EFFECT OF IRRADIATION ON MINERAL OIL 


637 


sociate, giving rise to a variety of lighter saturated and unsaturated hydro- 
carbons and hydrogen (4, 5), or it may, under suitable conditions, 
polymerize with certain hydrocarbons. Stoppered test-tubes containing 
oil and irradiated with x-rays developed an explosive gas in the space 
above the oil. Other experiments (4, 5) led us to believe this gas to be 
mostly hydrogen, methane, and other saturated hydrocarbons. 

In figure 4 is given the absorption due to caproaldehyde, stearic acid, 
oleic acid, and different forms of linoleic acid,^ when these substances are 
dissolved in small proportions in oil. Curve D represents an old sample 
of linoleic acid of unknown isomeric content. In the determination of 
these curves the pure oil was used in the comparison cell; hence the ab- 
sorption given is due only to the material added to the oil. Figure 6 
shows the additional absorption of oil caused by irradiation. These 
curves are derived from figure 2. As the values of the extinction coeffi- 
cient below 2400 A. represent differences between large, rapidly varying 
quantities, they cannot be considered very accurate. The absorption 
curves of figure 4 show, as is expected, that the absorption becomes 
greater and extends further toward the visible as the degree of unsaturation 
is increased. Substances like caprylene and cetyl alcohol give very little 
absorption. According to some very recent work of Burr, Miller, and 
collaborators (3) the proximity of a pair of double bonds to one another 
makes an enormous difference in the absorption coefficient. Thus it 
would be possible to obtain linoleic acid in two isomeric forms whose 
absorption coefficients might vary a hundredfold at a given wave length. 
The conjugated form has the greatest absorption. 

These data indicate that the oxidation products formed by irradiation 
and illustrated in the absorption curves are oxidation products formed 
from materials of a high degree of unsaturation, for saturated acids, 
alcohols, and aldehydes, and carbohydrates containing a single double 
bond would not be noticed in the absorption curves of the irradiated 
oils, as their absorj)tion is too small above 2600 A. Oxidation products 
containing two or more double bonds, probably conjugated, appear to be 
necessary in order that the large amount of absorption at 2700 A. be 
present with the small quantities of materials formed. The dissimilarity 
of the curves of the two figures (figures 4 and 5) suggests that the fatty 
acid component is not a predominant part. 

Polyethylenic molecules with unconjugated double bonds can be re- 
duced to the conjugated form by a prolonged treatment with a solution of 
alcoholic potassium hydroxide (3, 8). Twenty-five milliliters of the oil 
to be tested, 26 ml. of a solution of 26 g. of potassium hydroxide plus 

• The authors wish to express their appreciation to Drs. Burr, Miller, and Kass 
of the Botany Department of the University of Minnesota for the linoleic acids used 
in these experiments. 
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25 ml. of water, and 200 ml. of 95 per cent ethyl alcohol were placed in an 
*11-P3n:ex refluxing apparatus. The mixture was boiled for 24 hr. Oil 
from the mixture was removed from the other components and washed 
with water in a separatory funnel. The emulsion was removed from the 
oil by filtration through filter paper. 



Fia. 6. The additional absorption of oil, due to irradiation with ultraviolet. The 
absorption due to the unirradiated oil has been subtracted from these curves. 

Three samples of oil that had been irradiated 1 hr. with ultraviolet 
light were taken. The first sample was refluxed 24 hr. in the alcoholic 
potassium hydroxide mixture and washed with water; the second sample 
was mixed with alcohol and washed with water; the third was not treated. 
The difference in the extinction coefficient for the three samples after the 
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above treatments was less than 0.1 down to 2330 A., which is less than 3 
per cent variation at 2330 A. and less than 8 per cent at 2700 A. Oil 
taken from the refluxed first sample would not spread on alkaline water; 
that from the washed second sample would spread to about half the area 
of the untreated third sample. Therefore some hydrophilic molecules 
must have been removed by the treatment of the first two samples. 

It may be concluded from these results that the quantity of hydrophilic 
molecules is too small to cause appreciable absorption, and that the poly- 
ethylenic molecules formed are predominantly conjugated. 

BEHAVIOR OF OIL DROPS ON WATER 

If test tubes are half filled with oil, stoppered, and irradiated with x- 
rays, the maximum areas to which the drops (8.7 mg. each) of oil taken 
from these test tubes will spread when placed on slightly alkaline water 
are shown in figures 6 and 7. The amount of hydrophilic molecules 
formed is a function only of the x-ray dose, and, within reasonable limits, 
is independent of the hardness and intensity of the x-ray beam. The 
very different spreading properties of oil drops containing small amounts 
of dissolved stearic acid, and oil drops from irradiated oil, is illustrated 
in figure 7. Drops of oil containing small amounts of unsaturated fatty 
acids will, when placed on slightly alkaline water, contract very little from 
their maximum area. They behave more like drops of irradiated oil. 
It is interesting to note that the minimum x-ray dose required to give an 
appreciable spreading of an oil drop on w^ater is about 15 kiloroentgens, 
which is about one-fourth the dose required to give a measurable change in 
absorption. 

It is probable that it is neces.sary for the active end of the hydrophilic 
molecule to ionize, when in contact with the water, in order that the 
attraction be great enough to hold it at the interface. This is not true 
for monomolecular films. Cetyl alcohol, caproaldehyde, or caprylene do 
not cause spreading of oil drops on alkaline solutions; however, the last 
two are of such short chain length that they may be slightly soluble in the 
water. Adam (lb) states that if the chain has twelve carbon atoms or 
less, a monomolecular film made from the molecules may dissolve in the 
solution. However, the attraction of the oil at one side of an interface 
film should make the film less likely to dissolve in the water. 

It is believed that the acid component of the oil gathered at the water- 
oil interface causes the drop to spread on an alkaline water solution. If 
the area over which the drop spreads is very large, this area is approx- 
imately proportional to the concentration of the acid in the oil. In- 
formation as to the degree of unsaturation of the acids can be obtained by 
noticing how the oil containing these acids spreads over water containing 
different substances in solution. 
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llie spreading properties of oil containing small concentrations of 
stearic, oleic, or linoleic acid have been studied and compared with the 
spreading properties of irradiated oil. These spreading properties have 
been observed on alkaline and acid water, and on alkaline water containing 
calcium ions. Stearic, oleic, and linoleic acids possess, respectively, zero, 
one, and two double bonds. Two kinds of linoleic acid were used, the 
conjugated 9,11 linoleic acid and the unconjugated acid. Oil drops of the 
same volume and containing the same concentration of these materials 
will spread to approximately the same area on 0.01 normal sodium hy- 
droxide. However, the oil containing the stearic acid contracts quite 
rapidly from the maximum area (figure 7) while the others do not. If 
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Fig. 6. Maximum area attained by oil drops placed on 0.01 normal solution of 
sodium hydroxide. (Oil drops from a calibrated tungsten wire weigh 8.7 mg.) 

Fig. 7. Spreading of oil drops on 0.01 normal sodium hydroxide 


calcium chloride is dissolved in the 0.01 normal sodium hydroxide, the 
oil drop containing the stearic acid will not spread, although the drops 
containing the oleic and linoleic acids spread as before. When a drop of 
oil containing stearic acid in relatively large concentrations, as 1:1000, 
is placed on the calcium salt solution, a thick jagged film is seen to emerge 
from the interface. Evidently the calcium combines with the stearate 
ion as soon as diffusion brings them together, the resulting calcium stearate 
forming a solid film many molecules thick. If 0.01 normal hydrochloric 
acid solution is used in place of the alkaline solution, oil containing 9,11 
linoleic acid in high concentration spreads slowly to form an unstable 
film. Oil drops containing stearic, oleic, or imconjugated linoleic acids 
do not spread. Oil drops from irradiated oil spread rimilarly to con- 
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jugated linoleic acid in all of these cases, with the exception that the film 
formed by the irradiated oil on acid water is quite stable. 

When both stearic and linoleic acid are dissolved in oil, the area at- 
tained by an oil drop on 0.01 normal sodium hydroxide is equivalent to 
that expected from the sum of the concentrations. The area attained 
by an oil drop from this mixture, when the oil drop was placed on alkaline 
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Fig. 8. Spreading of oil drops containing stearic acid in a concentration of 1 : 20,000 
by weight. 

water containing calcium, corresponds to the linoleic acid concentration. 
The areas attained by the irradiated oil were the same in either solution. 

It is concluded that the acids and probably the oxidized molecules 
formed are almost all unsaturated. It is likely that the oxidation is due 
to more highly reactive unsaturated hydrocarbons, which are formed 
first by irradiation and later, under suitable stimuli, react with the 
oxygen. 
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Figure 8 illustrates the spreading of oil drops (8.7 mg.), containing 
stearic acid in concentrations of 1:20000 by weight, on 0.01 normal 
sodium hydroxide containing known amounts of calcium (CaClfOHtO). 
Different ions in solution exert very different effects upon the spreading 
properties of oil drops containing the hydrophilic molecules. With the 
areas being functions of the temperature, the hydrogen-ion concentration 
of the water, the time, the concentration, and the kind of hydrophilic mole- 
cule in the oil, it is possible that tests involving these conditions may be 
used in the chemical analysis of minute concentrations of certain ions. 

DETERMINATION OF UNBATUHATION AND ACIDITY BY CHEMICAL METHODS 

Chemical tests of the type necessary to determine the acid and iodine 
numbers are not accurate, owing to the small quantities of materials 
involved and the difficulty in determining the end point of the reactions 
colorimetrically. The values presented indicate mainly an order of magni- 
tude rather than an exact quantitative determination. The acid test 
(the acid number is the number of milligrams of potassium hydroxide 
necessary to neutralize the acids in 1 g. of oil) results in zero acid number 
for unirradiated oil, while for oil irradiated with ultraviolet for 5 hr. the 
value 0.03 is obtained. If the average molecular weight of the acid mole- 
cule is taken as 200, then the number of milligrams of acid per gram of 
oil would be 0.12 and the number of acid molecules per drop of oil (8.7 
mg.) is about 3.2 X 10’®. Langmuir (7b) gives the area per stearic acid 
molecule in contact with the oil at the interface of an oil-water film as 
88 X 10“’* cm.*; experiments carried out in this laboratory approximately 
verify this value for oil drops if the interface area is large. The area of 
the oil drop in the above case, as calculated from the acid number, should 
be about 28 cm.*, which is about half the observed value. Absorption 
due to possible oxidation products, estimated from figures 3 and 4, roughly 
indicates a concentration of 1:1000 for these products in the oil, for oil 
containing oxygen and irradiated 2 hr. with ultraviolet light. This is a 
concentration about ten times greater than that of the substance causing 
the oil drops to spread after the oil was irradiated 5 hr. The absorption 
of these products is assumed to be comparable to that of conjugated linoleic 
acid. It has been shown that the acid molecules formed exhibit proper- 
ties of the more unsaturated types. From these considerations it is 
indicated that the spreading of the oil drop is caused mainly by the acid, 
and not by other oxidized or unsaturated hydrocarbons. Drops from oil 
irradiated in a vacuum do not spread on a water surface. 

The iodine number is equal to the number of grams of iodine that 100 
g. of oil is capable of absorbing. Normally it is a test for the relative 
degree of imsaturation in fats. It is realized that the values obtained 
cannot be strictly interpreted as a measure of unsaturation, for it is not 
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certain how near to completion the reaction is carried, nor is it known how 
the iodine, or its equivalent in bromine, will react with the materials in 
the oil. If it is assumed that for each two of the iodine atoms absorbed 
we have a double bond, and if it is further assumed that there is but one 
double bond per molecule, then with a molecular weight of 200 the follow- 
ing concentrations result from oil irradiated in the open culture dishes by 
ultraviolet light: 


( 

IBBADIATION TIMB 

lODINB VALUE 

PER CENT CONCENTRATION 

hourt 

0 

0 03 

0.04 

1 

0.18 

0.23 

5 

0.25 

0.32 

27 

0.29 

0.37 


The per cent concentration is not of great significance for the type of 
molecule for which the table was calculated, as it appears that many of 
the unsaturated molecules are more complicated than those with but one 
double bond. The per cent concentration is of the order of a few tenths 
of 1 per cent, which would be as indicated by the absorption data for mole- 
cules with conjugated double bonds. The fact that the iodine value is not 
greater indicates that the materials formed that are not noticed in the 
absorption spectra cannot be present in predominantly large quantities. 
The small increase of the iodine number after several hours of irradiation 
of the oil makes it probable that polymerization begins to take place as 
soon as an appreciable number of unsaturated molecules are formed. 
This would also account for the saturation of absorbing materials formed, 
due to long irradiation of the oil with ultraviolet. 

CONCLUSION 

From all of the tests used it can be concluded that roentgen or ultra- 
violet radiation affects straight-chain saturated hydrocarbons in an evacu- 
ated container as follows: Unsaturation is produced in a small fraction 
of the molecules. Multiple or at least double unsaturation occurs in a 
considerable proportion of the unsaturated molecules. The conjugated 
isomers are formed to a great extent, if not to the complete exclusion of 
the other forms. An explosive gas, probably consisting of hydrogen and 
short-chain hydrocarbons, is also formed. Pol 3 anerization takes place 
after appreciable amounts of unsaturated materials are formed. 

If the irradiation takes place in the presence of air (oxygen) a certain 
amount of oxidation is induced. Unsaturated fatty acids are formed. 
These are at least doubly unsaturated and are conjugated. It has been 
estimated that 100 kiloroentgens of x-rays produce one part of acid mole- 
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cules in 5 X 10^ hydrocarbon molecules. At least ten times as many 
molecules are at the same time unsaturated without being oxidized to 
acids. The presence of such gases as hydrogen^ nitrogen, and carbon 
dioxide during the irradiation does not seem to have any influence on 
the reaction. 

Impurities in the water, especially calcium, cause large differences in 
the spreading of oil drops containing long straight-chain fatty acids. 
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Chemische Gaareaktion, By H. J. Schumacher. 23 x 15 cm.; 487 pp. Dresden 
and Leipzig: Theodor Steinkopff, 1938. Price: unbound, 33.75 RM; bound, 
35.25 RM. 

This book is Volume III of the series Die Chemische Reaktion and deals with the 
kinetics and mechanism of homogeneous thermal reaction in gases. 

During the last few years there have been many major developments in the theory 
of chemical change and at the same time an increased output of experimental mate- 
rial. Progress has been rapid, and there is no doubt that many of the fundamental 
principles governing the mechanism of simple chemical reaction are fairly soundly 
established. Although we must expect some modification and extension of the 
theory in the near future, the present is a very opportune time in which to review 
^the position, and Professor Schumacher’s book, in which he gives a thorough and 
completely modern account of these developments, is therefore very welcome. 

The subject matter is excellently arranged, the book being divided into two 
sections, - theoretical and experimental, — the latter occupying about three quarters 
of the book. The theoretical treatment is based on the methods of statistical me- 
chanics, and a detailed account of the use of quantum-mechanical methods for 
calculating activation energies and the absolute rates of simple chemical reactions 
is given. 

The experimental results are treated under two general headings; the first covers 
simple reactions, the sections being subdivided into the general type of reaction 
involved (unimolecular, etc.), and the second covers chain reactions. It appears 
to the reviewer that all the experimental data of anj^ importance on simple reactions, 
available up to the beginning of 1938, have been included: the sections on chain 
reactions are not so complete, since wdth the exception of the hydrogen-oxygen 
reaction little mention is made of the numerous oxidation reactions characterized 
by explosion limits. These omissions, however, arc not important, since this type 
of reaction has been adequately dealt with recently in other volumes. As a whole, 
the second part of the book is complete in itself, and is suitable fr)r those more inter- 
ested in the experimental aspects than in the theory. 

Excellent tables of useful data, such as physical constants, atomic and molecular 
diameters, and bond energies, are included. The book can be recommended to all 
interested in the mechanism of chemical reactions. 

C. E. H. Baw N. 

Kurzea Lehrbuch der physikalischen Chemie, Heft I. By Karl Jellinek. 25 x 
16 cm.; xi -f 314 pp. Deventer:. N. V. Uitgevers-Maatschappij A. E. Kluwer, 
1938. Price: FI. 8.50. 

This is Part I of a one-volume textbook of physical chemistry, w^hich is to be pub- 
lished in four parts. When completed the volume will be a shorter but still compre- 
hensive account of the subject on the basis of the author’s well-known five- volume 
textbook. 

This part deals mainly with the elements of thermodynamics (very carefully de- 
veloped), the elements of the kinetic theory of gases, and the law's of pure substances, 
of dilute gas mixtures, of dilute solutions of non-electrolytes, and of concentrated 
mixtures of non-electrolytes. 
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Teachers of physical chemistry will welcome the considerable emphasis that is 
laid by the author on the importance of numerical examples. A large number of 
these, many of which are not found in the usual books on calculations, are worked 
out. The elements only of the calculus are assumed, any more advanced mathemat- 
ics being developed as and wherever required by the student. 

The usual applications of the fundamental laws are made very interesting, since 
they are dealt with from the standpoints of (a) experimental work, (b) thermody- 
namics, (c) kinetics. In a book of this size the treatment of the experimental 
sections is not as extensive as is usual in the more elementary textbooks of physical 
chemistry in use in most of the chemistry schools in Great Britain, which are supple- 
mented later in the course by the excellent range of monographs now at our disposal, 
but it can certainly be said that a young chemist brought up on a textbook of the 
type under review, if supplemented by a modern course of practical physical chem- 
istry, should find himself admirably equipped in this branch of the subject. 

D. C. Jones. 

Sampling and Analysis of Carbon and Alloy Steels. Methods of the Chemists of the 
Subsidiary Companies of the United States Steel Corporation as revised to 1937. • 
366 pp. New York: Reinhold Publishing Corporation, 1938. Price: $4.50. 

This book replaces two former booklets dealing with the sampling and analysis of 
plain carbon steels and of alloy steels. Complete directions are given for sampling 
and for the qualitative identification of various types of steel, while the bulk of the 
book is devoted to methods of analysis of the various constituents of steel, including 
rare elements, such as zirconium, columbium, and tantalum. The number of litera- 
ture references is very limited. The extensive table of contents at the beginning 
of the book takes the place of an index. The members of the committee who have 
cooperated in the publication of this text deserve great praise for having made avail- 
able to analytical chemists these standard methods, which have been selected on 
the basis of the rich experience of, and much original research by, the authors. The 
book constitutes a tribute to the excellence of the analytical w'ork that is being done 
by the chemists of the United States Steel Corporation. 

I. M. Kolthoff. 

Gmelins Handbuch der anorganischen Chemie. 8 Auflage. Herausgegehen von der 
Deutschen Chemischen Gesellschaft. System-Nummer 39: Seltene Erden. Lie- 
ferungl. 26xl8cm.;pp. iii-f- 122, Berlin : Verlag Chemie, 1938. Price: 14.25 RM. 
The present section is of particular interest, since it begins the volume of the 
Handbuch dealing with the rare-earth elements, which promises to be of great value 
and is eagerly awaited. This section deals with the history and occurrence of the 
elements. The historical section can only be described as a masterpiece of work in 
this field. It brings the story of investigations of the rare earths up to the modern 
period and makes use of an astonishing bulk of literature, including such important 
sources as the letters of Berzelius, in a most systematic and interesting manner. 
Those interested in the history of chemistry will find this section of absorbing in- 
terest, as it surveys a great field of difficult and fundamental experimental work. 
The elements are divided broadly into (1) scandium and yttrium, and {2) the lan- 
thanides, the subdivisions of the latter being sensible and helpful. The symbol Tu 
is retained (instead of Tm) for thulium, and lutecium, according to general usage by 
German chemists, is called cassiopeium. The lanthanides are broadly divided into 
cerite earths and yttria earths (the latter being usually called gadolinite earths by 
English-speaking chemists). The section on the occurrence of the rare earths is 
very complete and the mineral sources are exhaustively considered, since this part 
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is of considerable economic interest ; it is further enriched by a topographical survey, 
the earths found in various parts of the world being given under the place names. 
The sources of monazite are particularly well described. Out-of-the-way sources, 
such as plants, animals, and coal ash, are not forgotten. Altogether it may be said 
that if the remaining sections of the volume on the rare earths are as good as this 
one, chemists will have reason to be grateful to the patient, careful, and accurate 
work put in by the editor and his collaborators. 

J. R. Partington. 

Gmelins Handhuch der anorganiachen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 25: Caesium mit einem 
Anhang tiber Ekacaesium. Lieferung 2. 26 x 18 cm.; pp. xx -j- ix -f 105-268. 
Berlin: Verlag Chemie, 1938. Price: 21.75 RM. 

This section deals with the compounds of cesium and completes the volume on this 
element, the first part having dealt with the element. Compounds with hydrogen, 
oxygen, nitrogen, halogens, sulfur, selenium, tellurium, boron, carbon, silicon, 
phosphorus, arsenic, antimony, bismuth, and double salts with other alkali metals, 
and oxy compounds are fully dealt with. The order is that adopted in all volumes 
of Gmelin’s Handhuch and goes back to the old issue, the periodic order not being 
followed. It goes without saying that all the information is complete, up-to-date, 
and critical. The literature on ekacesium is fully and critically reviewed and the 
conclusion is reached that ‘^in the present stage of investigation, ekacesium either 
does not exist at all or exists only in extremely minute amounts.'^ 

J. R. Partington. 

Gmelins Handhuch der anorganiachen Chemie, 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Xummer 27: Magnesium. Teil 
B. Lieferung 3. 26 x 18 cm.; pp. xiv -f 331-422, Berlin: Verlag Chemie, 1938. 
Price: 12 RM. 

This section includes cyanogen compounds, the formate, acetate, oxalate, tar- 
trate, and compounds with silicon, phosphorus, arsenic, antimony, and bismuth. 
The organic acids are those chosen for inclusion in all parts of the Handhuch and 
represent those which form compounds of interest in inorganic chemistry. The 
information is very complete and critical on physical and physicochemical proper- 
ties; numerical data, as well as the preparative and chemical properties and reac- 
tions, are given. The information is based on the latest literature, this being clear 
in the section on the phosphates, for example, and in some cases patent literature 
is reviewed; it is stated, for example, that magnesia is used in sugar refining. The 
section on silicates is very complete and w'ell documented and is of considerable 
interest from the mineralogical side. The section is an excellent example of the 
high standard of the whole work. 

J, R. Partington. 

The Properties of Glass, By George W. Morey. 561 pp. New York: Reinhold 
Publishing Corporation, 1938. Price: $12.50. 

This volume, which is an important contribution to the literature on glass, comes 
from the pen of one whose personal researches rank him as a leader in physicochemi- 
cal development in the field of glass technology. It is natural, therefore, that he 
should stress the physical properties and testing of glass. 

The introductory chapter on history and definition is unique, in that it includes 
archeological material as well as glass production. Chapter II, on devitrification, 
is a masterly presentation from the standpoint of the phase law, with which the 
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author has been greatly occupied. In chapter III, on composition, the section oh 
volatile substances and their adsorption is timely, together w,ith the permeability 
of glass to gases. Chapter IV, on chemical durability, discusses composition and 
testing, indicating discrepancies in the various methods employed for a given deter- 
mination. Chapter V deals with the measurement of viscosity and theoretical 
considerations not only for glasses, but also for slags and minerals. Chapter VI, on 
annealing, discusses the detection and measurement of strain, the development of 
strains in glass, and methods for their removal. The annealing of common types 
and special glasses is included. In chapter VII, on surface tension, units are listed 
with experimental results of their application. Chapter VIII, on the heat capacity 
of glass, discusses single- and multi-component systems. Chapter IX covers thermal 
conductivity, providing mathematical formulae and data for individual glass-making 
oxides. Chapter X, on density, gives the individual values commonly employed in 
additive calculations and applies these to uni- and multi-component systems. Den- 
sity is discussed not only at ordinary temperatures, but also for higher temperatures. 
In chapter XI thermal expansion, methods of measurement, and the effect of heat 
are treated. Chapter XII deals with elastic properties. Compressibility, and the 
*effects of temperature, pressure, and strain on elastic constants, are followed by a 
discussion of the elastic after-effect. In chapter XIII, on the strength of glass, 
units and various component systems arc given with a comparison of the strength of 
fibers and tubes. The effect of strain on strength, of duration of load during tests, 
and finally that of temperature on strength is indicated. In chapter XIV thermal 
endurance and optical differences with temperature changes are illustrated. In 
chapter XV, on hardness, the uncertainty and variation of values is indicated, and 
it is clear that this property cannot yet be satisfactorily determined by any standard 
method. Optical properties are discussed in chapter XVI. After defining the units, 
the author lists experimental methods for determination of refractive index and 
dieipersion. Valuable data are provided for a great variety of glasses. Finally, the 
effect of pressure on optical properties is covered, with units and experimental data 
given, and a short section covers transmission values for colored glasses. This is 
one of many valuable chapters in the book. In chapter XVII the electrical con- 
ductivity of glass, which was covered more extensively in the ^T^lectrical Properties 
of Glass'^ with J. T. Littleton in an earlier publication, is given generous treatment. 
Chapter XVIII, on dielectric properties, treats the effects of frequency, temperature, 
chemical composition, surrounding media, and applied voltages, and discusses the 
nature of dielectric failure. Variations with thickness are also covered. Chapter 
XIX, on magnetic properties, deals with the Faraday and Kerr effects. The last 
chapter,^ chapter XX, on the constitution of glass, stresses the importance of x-ray 
analysis, variations of this with temperature, and changes on annealing. The dif- 
ference in the appearance of pure crystals and glasses is illustrated and emphasized. 

Not all technologists will agree with the author concerning methods to which he 
has given preference. The applicability of a particular method for a special case 
may vary with the type of glass. Very frequent reference to the author’s publica- 
tions clearly indicates the extent of his own contributions. In the index errors occur 
occasionally, but there is an abundance of cross reference information. A supple- 
mentary index on the properties of glasses in various systems is an aid rarely 
encountered in. publications. Dr. Morey’s volume is a precious addition to the. 
literature on glass. 


Alexandeb Silvebman. 
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Furthejr knowledge of the relationships between and among various 
physical and chemical properties of pure liquids and solutions is needed 
for a better understanding of the liquid state. Certain of these proper- 
ties, for example, fluidity and vapor pressure, are only indirectly related 
to each other, because they are in turn dependent upon some other 
property. 

In 1868 Rellstab (6) compared the viscosities of various liquids at tem- 
peratures at which the vapor pressures were the same and also at a given 
temperature, but found no simple quantitative expression for his data. 
Later Porter (5) pointed out that in general, when comparison is made at 
ordinary temperatures, liquids which are quite viscous have relatively 
low vapor pressures, whereas those which are quite fluent have relatively 
high ones. Bingham (2) has shown that if the fluidities of certain ali- 
phatic ethers are plotted against their corresponding vapor pressures, the 
points fall on or near a single curve. For a number of substances he 
I^Qtted the reduced fluidities, which were calculated by using the fluidity 
of heptane at the boiling point as a standard, against the corresponding 
vapor pressures and obtained curves which were quite similar. 

An expression connecting the fluidity and the corresponding vapor 
pressure of a pure liquid can readily be deduced from a theoretical founda- 
tion. The equation 

1 } = + ( 1 ) 

in which ri is the absolute viscosity, T is Hie absolute temperature, e is 
the base of the natural system of logarithms, and a, y, and d are con- 
stants, has been derived from a thermodynamic and kinetic basis (1). 

In the integrated form the Clausius-Clapeyron equation is 

\nP:=-^ + K (2) 

Combining this with equation 1 

P = Pij** ^ (3) 

where K, .... Ki are constants. 
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Since P — CRT, the Clausius-Clapeyron equation can be written as 

In C = - A/T - In r + J5 (4) 

where A = AH/R, B = K — In R, and C is the concentration of the 
vapor in moles per liter. Combining equations 1 and 4 

where —fiA — y — K", — InJC + 5^3 = K', and if> is the fluidity of the 
liquid. 

Obviously 

C = (6) 

Equations 3, 5, and 6 define both the liquid and its saturated vapor. 


BMPIBICAL FOBMULAE 

Since the above expressions are rather cumbersome for ordinary pur- 
poses of calculation, the writer has sought and found simpler relationships 
which are quite satisfactory for general usage. 

When the logarithm of the fluidity in rhes of a large number of liquids is 
plotted against the logarithm of the corresponding vapor concentration 
in moles per liter, calculated from the gas law C = P/RT, in which P 
is the vapor pressure, curves result which, in general, are straight lines 
over wide temperature ranges. The equation for such curves is 

= v’o cr (7) 

^0 and m are constants characteristic of a given liquid. The former will 
be termed the “reference fluidity” and is, theoretically, the fluidity when 
the concentration in the vapor phase is 1 mole per liter. It is noted that 


m = 


d In ^ _ In <p/<po 
dliTC ~ ■ In^ 


( 8 ) 


The linearity of the curves for certain substances is shown in figure 1. 
In table 1 are given values of the constants m and <po for fifty-two pure 
liquids. Vapor pressure data in millimeters of mercury and absolute 
viscosities in poises were obtained from the International Critical Tables 
and the Landolt-Bomstein Tabellen. In general, the procedure used was 
to read -the viscosities from a viscosity versm temperature curve of a 
given liquid for those temperatures at which vapor pressures were ac- 
tually given in the afore-mentioned tables. After making calculations 
for fluidities and vapor concentrations, the best possible straight line was 
drawn through the log-log plot and the values of and m calculated from 
data read from the curve. The method of least squares was not used in 
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deducing the constants, as the above procedure was considered sufficiently 
accurate. 

By means of the above empirical equation fluidities can be calculated 
which agree with experimental values with an accuracy, in general, of 
within about ±2 per cent for the liquids listed and over the temperature 
ranges given. Many of the available vapor pressure data are inaccurate. 



- 4.4 4.0 3.6 3.2 2,6 24 2.0 1.6 1.2 


LOO„C 

Fig. 1. Curves for a number of liquids showing the linear relationship between 
the logarithm of the fluidity, in rhes and the logarithm of the vapor concentration, 
(7, in moles per liter. Curves: 1, o-toluidine; 2, n-butyl alcohol; 3, ethyl alcohol; 
4, isobutyl alcohol; 5, ethyl propyl ether; 6, aniline; 7, methyl ethyl ketone; 8, formic 
acid; 9, isoamyl alcohol; 10, iodine. 

Whether the relationship applies over wider temperature ranges than 
those given can only be determined when further overlapping values for 
viscosities and vapor pressures are available. 

Deviations of certain of the curves from straight lines occur at lower tem- 
peratures and are, perhaps, due to association. Water, which shows an 
anomalous behavior in so many properties, likewise does so in this case. 
It would be of interest to compare the log fluidity -log vapor concentration 
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TABLE 1 


Vtduea for certain pure liquide of the constants and m in the expression v ■■ 


UQUIO 

TBMPSRATUBa 

RAKQB 

m 

P9 

Chlorine 

•c. 

(-80) - (-40) 

0.192 

366 

Bromine 

(-7.3) -35 

0.255 

328 

Iodine . . 

114 - 170 

0.241 

167 

Sulfur 

120-150 

0.310 

536 

Mercury 

0-340 

0.046 

136 

Water* 

40-100 

0.325 

1070 

Carbon dioxide. .... 

5-29 

0.545 

645 

Carbon disulfide 

0-50 

0.208 

398 

Hexane 

0-70 

0.232 

996 

Heptane ... 

0-100 

0.228 

1003 

Octane 

0-130 

0.237 

1079 

Isopentane 

(-30) - 50 

0.272 

1130 

Diisopropyl 

0-30 

0.304 

1046 

Benzene 

7.8-90 

0.319 

930 

Toluene 

0-110 

0.291 

1100 

Ethylbenzene 

0-130 

0.289 

1146 

o-Xylenet 

20-140 

0.2.87 

1112 

m-Xylene 

10-140 

0.228 

1000 

p-XyleneJ 

30-140 

0.292 

1264 

Cyclohexane 

20-40 

0.434 

1108 

Methylene chloride 

0-30 

0.271 

675 

Chloroform 

(-10) -61 

0.255 

598 

Carbon tetrachloride 

0-100 

0.352 

664 

1 , 1-Dichloroethane . . 

7-55 

0.280 

745 

1 , 2«Dichl oroethane . 

0-81 

0,304 

680 

1,1, 2, 2-Tetrachloroethane 

25-80 

0.326 

779 

Tetrachloroethylene 

40-110 

0.234 

1 576 

Trichloroethylene ... 

25-80 

0.216 

599 

Methyl iodide. ... 

0-30 

0.255 

572 

Ethyl iodide ... . . . .... 

1 0-60 

0.241 

593 

lodobenzene .... 

5-150 

0.237 

661 

Methyl sulfide 

0-40 

0.235 

832 

Methyl alcohol 

0-60 

0.296 

803 

Ethyl alcohol 

0-70 

0.038 

73 6 

Propyl alcohol 

0-100 

0.421 

896 

n-Butyl alcohol 

20-75 

0.330 

615 

Isobutyl alcohol 

60-100 

0.630 

1388 

Isoamy] alcohol 

10-130 

0.444 

1261 

Ethyl ether 

(-100) -60 

0.230 

999 

Methyl propyl ether 

0-35 

0.255 

1078 

Ethyl nropvl ether 

0-60 

0.259 

nil 

* Does not fit below 40*C. 
t Does not fit below 20®C. 
t Does not fit below 30®C. 







VISCOBITT AND VAPOR CONCENTRATION 


563 


TABLE 1 — Concluded 


LIQUID 

TEMPllRATUBB 

RANGE 

t 

m 


Acetone 

•c. 

(-90) -56.3 

0.223 

873 

Methyl ethyl ketone . . 

20-50 

0,268 

1017 

Formic acid 

10-100 

0.401 

736 

Acetic acid . 

20-100 

0.295 

1425 

Propionic acid . 

20-140 

0.235 

696 

Butyric acid . ... 

20-155 

0.248 

766 

Valeric acid 

60-100 

0.186 

502 

Isobutyric acid 

30-155 

0.244 

759 

Aniline . 

50-144 

0.329 

947 

o-Toluidine . 

40 - 100 

0.361 

1427 

p-Toluidine§ . . 

80-180 

0.253 

712 


S Does not fit below 80°C. 


curve for deuterium oxide with that of ordinary water, since it seems that 
the former is less associated (3). However, available data for both vapor 
pressures and viscosities of heavy water do not overlap sufficiently in tem- 
perature range to make a fair test. 

Molten sulfur exists in at least two modifications and the temperature- 
viscosity curve has a maximum, whereas the vapor pressure rises con- 
tinuously with temperature increase. The log-log curve is shown in 
figure 2, but the linear relationship holds only up to about 150®C. 



-S6 56 54 5Z SO 48 46 44 42 40 58 


LOQ.C 

Fio. 2. Liquid sulfur. Plot of the logarithm of the fluidity, w> in rhes oertua the 
logarithm of the vapor concentration, C, in moles per liter. 
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The equation 


<9 « tpoC* 


can be written in the form 


P = RTiM"” (9) 

since C = PjRT, Unless we consider the possible existence of super- 
saturated or subsaturated vapors, there is only one independent variable 
in this expression, for fixing one determines the magnitude of the other 
two. 



Fig, 3. Plot of the fluidity, in rhes at the boiling point vtrmB the vapor concen- 
tration, C, in moles per liter for a number of compounds. Points from left to right: 
Curve A, nonane, octane, heptane, and hexane: curve B, di-n-butyl, dipropyl, 
ethyl isobutyl, ethyl propyl, methyl propyl, and diethyl ethers. Curve F: open 
circles, p-xylene, w-xylcne, toluene, and benzene; closed circles, o-xylene and ethyl- 
benzene. Curves C, D, and E: chlorides, bromides, and iodides, respectively; 
dotted curves, 1 to 6 Inclusive, phenyl, isobutyl, propyl, allyl, isopropyl, and ethyl, 
respectively. Point at 7, methyl iodide. 

Assume, for a given liquid, that conditions are such that a supersatu- 
rated vapor exists, then 

(^), - 

where p is equal to nupoIRT. Next consider, theoretically, such con- 
ditions that the vapor pressure does not change with change in tempera- 
ture, then 

(!?),= 

where x = nupoiP/R)”. Thus the total differential is 

- xT“”‘~'d7’ 


( 12 ) 
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Bingham (2) found that the curves connecting the plotted fluidities of 
certain aliphatic hydrocarbons, ethers, and halides at their boiling points 
are linear. In figure 3 are plotted data showing the linear relationship 
between vapor concentration and fluidity at the boiling point for certain 
organic halides, members of the homologous series CnH 2 n+ 2 , aromatic 
hydrocarbons, and ethers. Although points for quite diverse chlorides, 
bromides, and iodides lie on or near their respective straight lines, the 
chloride, bromide, and iodide of any given radical do not. Fluidities 
at the boiling points were obtained by extrapolation of the fluidity- 
temperature curves. 



NUMBER OF CARBON ATOM3 REFERENCE FLUIDITY, g-IO* 


Fig. 4 Fig. 5 

Fig. 4. Curves showing the alternation in the reference fluidity, ^o, with odd and 
even number of carbon atoms. Curve 1, acids CnHan+iCOOH. Curve 2, alcohols 
Cnllsn+iOH. The carbon atom of the carboxyl group of the acids has been excluded. 

Fig. 5. Variation of the internal pressure in atmospheres vrith the reference 
fluidity, ^ 0 , for a number of liquids. 

When the reference fluidities of alcohols and acids belonging to the 
homologous scries CnH 2 «+iOH and CnH 2 n-i-iCOOH, for which data are 
available, are plotted against the number of carbon atoms present, al- 
ternations occur in the resulting curves (figure 4). 

It is to be expected that in the case of two liquids, in one of which the 
attractive forces acting among the molecules are relatively greater than 
in the other (when comparison is made under like conditions), the fluidity 
of the latter liquid will be the greater. That such is the case is shown by 
the curv^e of figure 5, in which the internal pressures of a number of liquids 
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are plotted against the fluidities, ‘ The internal pressures of liquids 

are not accurately known. Data used were those of Hildebrand (4). 

VARIATION OF FLUIDITY WITH TEMPERATURE 


Since 


and 


then 


dlnP 

dT 


= AH/RT^ 




dJnRT^;^ = AH/Rr (13) 

and 

log = OT[0.0522AP(l/ri - 1/r*) - log Ti/Ti] (14) 

fpl 

Thus a semi-empirical expression showing the variation of fluidity with 
absolute temperature is obtained. A test of this equation is given in 
table 2. AH, in international joules per mole, has been calculated for ten 

TABLE 2 


Teat of the application of equation H of text 


UQUXD 



Pi 

Pi 

Tx 

1 

Tt 

A// 

(EQUA- 
TION 14) 

£kH 

(CLAU- 

BIUB- 

CLAPBT- 

RON 

EQUA- 

TION) 

PER CENT 
DEVIATION 
PROW 
CLAUBIUB- 
CLAPET- 
RON 
RESULT 


rhcB 

rhet \ 

mm. 

mm. 

•iC. 

•X. 

joules per mole 

per cent 

Carbon disulfide. 

291. 5i 

333 

432.7 

854.0 

303 

323 

29,2301 

27,680 

-h5.59 

p-Xylene . . 

289.9 

427.4 

142.0 

624.9 

353 

403 

34,530| 

35,070 

-1.54 

m-Xylene ... . | 

142.3 

401.6 

3.45 

448.9 

283 

393 

41,060 

40,950 

*f0.27 

Benzene. . . 
Trichloro- 

129.8 

238.0 

40 

1 

300 

1 

280.9 

325.7 

34,760 

34,210 

+ 1.64 

ethylene . , . 

190.5 

260.4 

94 

453.0 

303 

343 

34,110 

34,000 

+0.32 

Aniline 

91.4 

153.1 

18.0 

96.6 

353 

393 

48,370 

48,480 

1 -0.23 

Ethyl iodide 

138.9 

225.2 

41.5 

364.0 

273 

323 

31,870 

31,860 

+0.03 

Chlorine . . 

131.6 

198.0 

58.7 

594 

193 

233 

21,600 

21,630 

-0.14 

o-Toluidine. . 

52.1 

90.2 

2.1 

10.5 

323 

353 

50,870 

50,860 

+0.02 

Ethyl propyl ether 

282.5 

420.2 

89.1 

472.1 

283 

323 

31,650 

31,680 

-0.09 


^ In making comparisons it would probably be better to reduce the vapor concen- 
trations to standard conditions, and thus values of would be given when the vapor 
concentration is 1 mole per liter under such conditions. However, this procedure 
changes v’o only slightly for ordinary liquids and for purposes of plotting is of no 
significance. 
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liquids chosen at random, using the above equation and the integrated 
form of the Clausius-Clapeyron equation. Column 10 shows the per- 
centage deviations from the Clausius-Clapeyron results to be small. 

For other equations expressing the variations of viscosity or fluidity 
with temperature, the reader is referred to Bingham (2) and to Senders (7). 

It has been found that the relationship 


p = DIT^ (15) 

where p is the density of the liquid and Z) is a constant characteristic of 
the liquid, approximately expresses the variation of density with absolute 
temperature. This equation utilizes the constant m defined by equation 8. 

TABLK 3 


Test of the application of ike equation = Pi/p 2 


LIQUID 

1 1 

1 

h 

t i 

m/Tir 1 

, 1 
pi/pi 

PER CENT 
DIPPER* 
ENCE 

1 

Carbon tetrachloride I 

1 0 * 

40 

1 0493 

1.0498 

-0.05 

Chloroform 

i -10 

55 

1 0579 

1 0870 

-2.68 

Formic acid 

0 

40 i 

1 1.0563 

1.0407 

+ 1.54 

Methyl iodide 

0 

30 1 

1.0269 

1.0363 

-0.90 

Ethyl iodide 

0 i 

1 60 

1 1.0490 ! 

1.0749 

i -2 47 

7i-Propyl alcohol 

0 

, 100 

! 1.1404 ! 

! 1.1194 

+1.87 

Methyl ethyl ketone . 

20 

! 50 

1.0265 1 

1.0409 

-1 39 

n-Butyric acid 

25 

1 80 

1 0429 

1 0607 

i -1.68 

lodobenzene , i 

i 5 

I 150 

1 1046 

1.1377 

1 -2.91 


A test of this relationship for a number of liquids is given in table 3. It 
has been applied in the form 



solutions: liquid constituents ONLY 

The fluidity, 4>, of an ideal solution consisting of two components is 
best given, according to Bingham (2), by the equation 


= ai<pj + (i2<P2 — — V 2 ) (16) 

where Oi = volume fraction of component A, 

ipi = fluidity of pure component A, ^ 

Vi = specific volume of A, 
w = weight fraction of A, and 
fc = a constant. 

Subscript 2 refers to component B. 

For two or more components equation 16 can be written in the form 

^ +.... + Cln<Pn — /(Av) (17) 
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It is assumed, as by Bingham (2), “that if the volume is decreased for any 
reason by an amount Av, the fluidity will be decreased by an amount which 
is some function of this, /(Av)”. 

Since 


Vi 



etc. 


/pA"* /P*\"* 

* “ vpf ) 



^ -fiAv) (18) 


Consider the case when Raoult’s law holds, and when wti = = . . . . 

m*, which may be true under ideal conditions and is approximately true 
for a number of liquids, as is shown in table 1. 


Pi = PiXi, etc. 


Then 

+ *... + On ^On j fi^v) (19) 

Hence 

^ = (r) +.... + knanP:] ~ f{Av) (20) 

When volume changes occur with temperature and are expressed as func- 
tions of the absolute temperature, 


^ = kiMT)PT + k2f2(T)P? + ....+ knfn{T)P: - f(Av) (21) 

TABLE 4 

Application of the equation <p « to data concerning solutions of (a) benzene and 
carbon tetrachloride and (b) ethyl alcohol and water* 


(a) BXNZSNS AND CABBON TXTRACBLORIDB. 
TBIIPBRATUBB BANQl 0-40*0. 

(b) BTHTL ALCOHOL AND WATER. 
TBHPXBATURB RANGE 20-75*0. 

Weiffht per cent 
bensene 

m 


Weight per cent 
ethyl aloobol 

m 

^0 

11.40 

0.374 

808 

50 

0.583 

1272 

22,37 

0.376 

867 

60 

0.561 

1178 

43.79 

0.366 

921 

70 

0.524 

1047 

67.03 

0.352 

935 

80 

0.486 

962 



1 

90 

0.441 

901 


* For values of m and for the pure components refer to table 1. C was calcu- 
lated by using the sum of the vapor pressures of the two constituents. 
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The fluidity of the ideal solution is given in terms of the partial pressures 
of the constituents and the absolute temperature. 

It is of interest to learn whether or not equation 7 is applicable to solu- 
tions consisting of liquid components. Mixtures of benzene and carbon 
tetrachloride are known to approach ideality (2). Equation 7 was found 
applicable to data covering a temperature range of 0° to 40®C. for these 
mixtures (table 4). However, in the case of mixtures of ethyl alcohol and 
water (20® to 75®C.) the equation does not fit when the weight per cent of 
alcohol is less than about 50 per cent. The curves are then similar to 
those for water, which is to be expected, as the mole fraction of water 
present is about 0.75 or higher. 


SUMMARY 

Empirical and theoretical expressions have been given showing the 
relationship between viscosity or fluidity and vapor pressure or vapor 
concentration. A semi-empirical equation has been deduced for the 
variation of fluidity with absolute temperature. Theoretical relation- 
ships have been given concerning the fluidity of solutions. 
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Unlike the sulfide phosphors, which have been intensely studied by 
Lenard, the silicate phosphors have been rather neglected. Zinc silicate 
has been described by Lenard (8), and it and cadmium silicate have also 
been described by Uyterhoeven (12). They are similar to the sulfides, in 
that their fluorescence can be excited only in the presence of a foreign 
metal as activator at an optimum concentration. They differ from the 
sulfides, whose excitation is most strong under the near ultraviolet, by 
having their greatest excitation in the far ultraviolet in the neighborhood 
of the mercury line at 2537 A. It is the aim of this paper to describe the 
effects of composition and treatment, the spectral characteristics of their 
fluorescence, and their responses to excitation by ultraviolet light. 

Manganese is the strongest if not the only activator. It is added at an 
optimum concentration of about 0.5 per cent to a mixture of the con- 
stituent oxides. The phosphor is formed as a white powder by firing at 
an appropriate temperature. 

I. SPEED OF REACTION 

Be(;ause of its particularly high efficiency of light emission, zinc silicate 
w^as chosen for more detailed study. Some knowledge regarding the 
development of its fluorescence was secured by studies on the speed of 
reaction. That the speed of reaction in the solid state is dependent upon 
the rate of interdiffusion of the reacting constituents was demonstrated by 
Jander (7) for reactions of powdered magnesia and silica to form Mg 2 Si 04 . 
In the case of the phosphor the rate of diffusion was followed by heating a 
mixture of zinc oxide and silica with manganese oxide as activator, and by 
measuring the speed at which fluorescence developed with increase in time 
of firing. The velocity constant of the reaction was expressed as K in the 
equation 

dF/dt = K{F^ - F) 

where F^ is the ultimate, saturated fluorescence, and F is the fluorescence 
measured at the time t in hours. The fluorescence was measured under 
excitation by light of wave length 2537 A. 

561 
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The phosphor was prepared in two ways: (a) from a mixture of powdered 
zinc and manganese oxides with silica, denominated a “powder mixture”, 
and (b) from a solution of zinc and manganese nitrates in ethyl silicate. 
The latter was converted into a colloidal gel and then denitrated. It is 
known as a “gel mixture”. The results are given in table 1. The velocity 
constont is shown to be five to six times greater for the gel than for the 
powder, a consequence of the greater fineness of division and intunacy of 
mixture. 

The reaction is to be pictured as a diffusion of the constituent oxides 
through the shell of silicate that is formed around the reacting particles. 
This involves interchanges in position between neighboring atoms in the 
space lattice. The speed of the interdiffusion therefore depends upon the 


TABLE 1 

Speed of reaction for mixture of zinc oxide, silica, and 0.4 per cent manganese 


TBMPBBATUBa 

MXXTUBB 

K 

•c. 



1250 

Powder 

1.40 

1250 

Gel 

(ca.) 7.0 

1000 

Powder 

0.17 

1000 

Gel 

1.01 

850 

Powder 

0.03 

850 

Gel 

0.12 


critical energy content of the atoms making these changes and can be 
expressed as 

K = 

where Qd represents the heat of diffusion. A plot of the velocity constant 
K against \/T is given in figure 1. From the slope the value of Qo is 
calculated to be 20.4 Cal. for the phosphor prepared from powdered 
oxides, and 23.8 Cal. for that prepared from the gel. A value of about 
40 Cal. was found by Jander for the diffusion of 1 mole of magnesium oxide 
into 10 moles of silica. 

The rate of reaction was greatly increased by adding one of the non- 
volatile fluxes customarily used in the preparation of the sulfide phosphors. 
Its effectiveness lay in its ability to dissolve away the barrier of silicate 
that formed between the reacting oxide particles. Its use is undesirable, 
however, because it prevents the attainment of the full fluorescence that 
is characteristic of the pure silicate. 

A stUl more interesting case of catalysis was shown in the effect of the 
volatile chlorides of potassium, sodium, zinc, and cadmium, although here 
again the fluorescence attained was below normal in brightness. Cad- 
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mium chloride was most effective. When two parts by weight of it were 
mixed with the reaction mixture and fired at 850°C., the fluorescence rose 
to 75 per cent of its normal value after 70 min. The chloride by this time 
had completely evaporated. When the reaction mixture was fired at 
850®C. for the same period without the chloride, a product resulted whose 
fluorescence was only 3 per cent of normal. The catalytic effect persisted, 
though in lesser degree, with smaller amounts of the chloride, and was 
still well observable with only 1 per cent. Its basic effect lay in an accel- 
eration of the reaction between the two oxides, as was demonstrated by 
firing them at 850°C., before the addition of manganese but in the presence 
of cadmium chloride. The product was of course devoid of fluorescence. 



Fig. 1 Fig. 2 

Fig. 1. Heat of diffusion for mixtures containing zinc oxide, silica, and 0.4 per cent 

manganese 

Fio. 2. Spectral distribution of Zn 2 Si 04 ’SiOs'Mn prepared with cadmium chloride 
at 850'‘C. Excited by 2636 A. 

When manganese oxide was added and the firing continued at 850®C., 
fairly strong fluorescence, 15 per cent of normal, developed after half an 
hour. A blank mixture of zinc oxide, silica, and manganese dioxide gave 
no observable fluorescence whatever under the same firing. 

The catalytic action of cadmium chloride consists, as in the case of a 
non-volatile flux, in dissolving away the silicate barrier between reacting 
particles. The low fluorescence of the final product is a result also of its 
transition through a solution phase. Both these effects were shown 
by an experiment with a normal phosphor which had acquired fully satu- 
rated fluorescence. This phosphor dissolved readily in the molten chlo- 
ride. The product, on cooling, was non-fluorescent. The fluorescence 
reappeared after volatilization of the chloride, but was reduced 20 per cent 
below its original value. The highest fluorescence obtainable from firing 





564 


GORTON R. PONDA 


a mixture of oxides in the presence of the chloride was likewise 20 per cent 
below the normal value. This represents therefore an equilibrium value 
that was approached from each side, — solution of the silicate phosphor 
and synthesis of the phosphor from its constituent oxides. In neither case 
could the fluorescence be raised to normal by further firing at any tempera- 
ture. The cause for the lower fluorescence lies in a reduction in grain size 
of the finished phosphor, an effect due to the solvent action of the flux, 
which will be discussed later. 

In calculating the speed of reaction, use has been made of the fact that 
the fluorescence increases as the reaction progresses toward completion. 
At all periods of the uncatalyzed reaction, and at all temperatures of 
firing, the fluorescence, regardless of its intensity, had the same spectral 
distribution with only slight changes in the peak value. When a flux was 
present, the same situation held for temperatures of 1000®C. and higher. 
At 850°C., however, the first fluorescence that developed, as a result of an 
incipient reaction, had a distribution whose peak was shifted towards the 
red sufficiently to change the color. This effect was most marked in the 
case of cadmium chloride, no doubt because it is the strongest catalyst. 
Cadmium silicate, which has a pink fluorescence, was not formed in this 
reaction. This was shown by firing a mixture of silica, manganese, and 
cadmium chloride. The resulting product was non-fluorescent. 

The curves of figure 2 represent the variations in spectral distribution 
that resulted from firing the mixture of oxides with variable amounts of 
the chloride. In each case the firing was continued long enough to volatil- 
ize the chloride completely. The intensity of fluorescence obtained was 
proportional to the amount of chloride introduced, for the mixture reacted 
at an appreciable rate only while the chloride was present. The dis- 
tribution, obtained from the use of 5 per cent cadmium chloride, has a 
peak at 5800 A., and its fluorescence is pink. This is in contrast to the 
phosphor obtained with 200 per cent cadmium chloride, whose peak is at 
the normal position of 5270 A. and whose fluorescence is the normal green. 
The x-ray patterns of both were the same as that of the regular silicate 
phosphor. In this respect it is distinct from the red and yellow zinc 
silicates prepared by Gruhl (5) by firing above 1400®C. and quenching, 
for the crystal patterns of his products were altered, indicating that zinc 
silicate crystallizes in other modifications above 1400®C. 

II. VARIATIONS IN COMPOSITION 

Manganese concentration 

A peak in the fluorescence intensity occurred at an optimum concentra- 
tion of about 0.5 per cent manganese. As the manganese content rose, 
this peak was shifted slightly toward the red. These changes are brought 
out in table 2 and in the curve of figure 3. 



CHARACTERISTICS OF SILICATE PHOSPHORS 566 

The trend of the results has a definite significance. As Dr. Clarence 
Zener^ has pointed out, it would be natural to expect an increase in fluo- 
rescence with increase in the concentration of manganese, until a disturbing 
influence sets in. Such an influence evidently begins at about 0.4 per cent 
manganese, and can be ascribed to the loss in energy of an excited man- 
ganese atom by collision with neighboring manganese atoms, as a conse- 
quence of the mobility allowed by thermal vibration. This would involve 


TABLE 2 

Dependence of flmreacence characterietica at 25^*0 . upon manganese content 


MAKOAN1B8S 

FLUORESCKNCB 

PEAK IK FLUORBSCBNCB 

per cent 

per cent 

i 

0.01 

12 


0.1 

80 

5270 

0.4 I 

96 

5280 

0.6 

98 

5290 

0.9 

100 

6290 

1.4 

96 

5310 

2.0 

90 

5310 

2.3 


5330 

4.5 

44 

5350 

6.0 j 

34 


9.0 

3 





Fig. 3 Fig. 4 

Fig. 3. Variation in fluorescence at 25®C. of ZnSiOs activated with manganese 
Fio. 4. Variation in fluorescence of ZnSiOs with temperature for various percentages 

of manganese 


the emission of some of the energy of an excited electron in the infrared and 
a consequent shift of its emission in the visible toward the red. The 
actual occurrence of the latter is shown by the results of table 2. 

This view is supported by measurements on the variation of fluorescence 
with temperature, made in collaboration with Dr. Zener. The results are 
shown in the curves of figure 4 for various specific concentrations of man- 


^ Dr. Zener’s paper on this topic will be published in the near future. 
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ganese. The general increase in fluorescence that accompanies decreases 
in temperature is in accord with the conception of thermal vibration as an 
important factor. This view is strengthened by an observation of Dr. 
Zener's that the poisonous action of iron becomes less pronounced as the 
temperature is decreased. With 0.4 per cent iron the fluorescence, 
amounting only to 2 per cent at room temperature, had risen to 8 per cent 
at77“K. 

This relation between fluorescence and the concentration, C, of the 
activator (or of a dye, in the case of fluorescent solutions) has frequently 
been found to be expressed by the empirical equation of Bruninghaus (1) 

F = Ace-^‘ 

The results of table 2 can be expressed by this equation only over the range 
1.4 to 9.0 per cent manganese. For lower values of manganese content 
the fluorescence becomes increasingly higher than would be in accord 
with the equation. 

X-ray examination produced evidence bearing upon the condition of the 
manganese within the silicate. Diffraction patterns were obtained through 
the courtesy of L. L. Wyman and E. T. Asp of this laboratory. On using 
CuKa radiation and the method of back reflection, the same pattern was 
found for all zinc silicate phosphors, namely, a hexagonal structure, as 
shown in the photographs of figure 5. For manganese contents of 2 
per cent and 5 per cent, however, the lattice spacing became increasingly 
greater. This can be observed for beams reflected through angles close 
to 180°, as represented in the photographs by the arc segments close to the 
central hole. It is evident that the manganese enters into solid solution 
with the zinc silicate, an atom of manganese being substituted for an 
occasional atom of zinc. The stretching of the lattice is a consequence of 
the larger ionic radius of the manganese, 0.91 A., as compared with 0.83 
for zinc (4). 

A similar situation was found for the cadmium silicate phosphor, as 
illustrated in the x-ray diffraction patterns of figure 6. Here also the 
same pattern persisted in the presence of 6 per cent of the activator man- 
ganese. In this case, however, a reverse effect of the manganese is shown, 
— ^namely, a contraction of the lattice. This is evidence that the man- 
ganese has formed a solid solution likewise with the cadmium silicate, 
substituting for an occasional cadmium atom. The contraction is due 
to the smaller ionic radius of manganese as compared with that of cad- 
mium, which is 1.03 A. 

Silica content 

The concentration of silica proved to be important in its bearing upon the 
intensity of fluorescence, for it disclosed an unexpected effect; namely. 



CHAHACTElllSTICS OF SlUCATF PHOBPHOKS 


567 


-Q O ^ 





Fi(j 5. X-niy patterns of Zn 2 Si 04 containing various amounts of manganese. C'u Ka radiation, n 
manganese: b, 0 4 per cent manganese; c, 2 0 per cent manganese, d, 5 0 per cent manganese 
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Fig. 7. Spectral distribution of fluoreseenee cnerjijy 
Fig 8. Efticienry of excitation 
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that the fluorescence is not reduced as the silicate is diluted with excess 
silica. 

The thermal diagram for the system of zinc oxide and silica has been 
worked out by Bunting (2). It discloses only one compound, the ortho- 
silicate Zn 2 Si 04 , having the composition of the natural mineral, willemite, 
with a melting point of 1507“C. At 1432°C. there is a eutectic having the 
composition ZnaSi 04 - SiOj. This has frequently been called the meta^ 
silicate, and its composition has been expressed by the formula ZnSiOs. 
Such a compound, however, appears not to exist, in the light of Bunting’s 
work and of our own x-ray study, described below. It should therefore be 
considered as an agglomerate including 1 mole of silicate and 1 mole of free 
silica. 

When the fluorescent orthosilicate was diluted with silica, the fluo- 
rescence of the mixture was found to decrease linearly, as would be ex- 
pected. Firing of such mixtures brought about only insignificant increases 


TABLE 3 

Variation in. fluorescence with silica content Jor 04 per cent manganese 


COMPOSITION 

PLUORKBCBNCB 

Molar per cent ZnO 

Molee free SiOt 

L Mechanical mixture: 
ZntSiOi Mn + free BiOt 

II. Fired mixture of 
oxides 

67 

0 

102 

102 

50 

1 

71 

98 

33 

3 


86 

11 

15 

17 

72 


in fluorescence. On the other hand, the products obtained from firing 
mixtures of oxides rose almost to normal fluorescence, despite the presence 
of large excesses of free silica. This is brought out in table 3. Two series 
of mixtures were involved. The first (I of the table) was made up of the 
completed phosphor, ZnsSiO4-0.4 per cent Mn, mixed with additional 
silica. The second (II) was prepared by mixing zinc oxide and silica in 
the desired proportion, adding 0.4 per cent manganese, and firing. The 
fluorescence remained approximately the same in mixture II whether the 
0.4 per cent manganese was calculated for the ortbosilicate content or 
for the combined content of the two oxides. 

The reason for the continued high level of fluorescence of the products 
obtained by firing the mixture of oxides lies in the physical condition of 
the excess silica rather than in its incorporation into unique compounds. 
X-ray diffraction patterns were obtained- both with MoK« and CuK« 
radiation, the latter by the method of back reflection. The same crystal- 
line pattern persisted throughout, identical with that from precipitated 
zinc orthosilicate as well as with that from natural willemite. There was 
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no change in lattice parameter, such as would have resulted from a solid 
solution of silica in the silicate. On the contrary, the diffraction lines of 
free silica appeared in the pattern obtained for the phosphor with 33 molar 
per cent zinc oxide. They were absent for the composition of 50 per cent 
zinc oxide, containing 1 mole of free silica, but this is not surprising, because 
the x-ray scattering power of silica is much less than that of the com- 
pound ZniSi04- 

The conclusion is therefore that any excess silica is present as such. 
The condition of some of it is undoubtedly that of particles coated with a 
shell of silicate. It is probable, however, that some of it also is more 
intimately associated with the silicate and present as small colloidal 
groups scattered in a diffuse state throughout the mass, particularly at 
coarse lattice defects of the crystal. Such a view is, of course, speculative, 
but it is in accord with the localized segregations of colloidal sodium pro- 
duced by Rexer (9) in crystals of sodium chloride. It would account, too, 
for the prolonged phosphorescence that occurs at an optimum concentra- 
tion of one excess mole of silica per mole of compound. It is also in 
accord with results observed on grinding. When phosphors having a 
large excess of silica, 66 molar per cent or greater, were ground, the ultimate 
fluorescence attained was of the same order as that found for unfired 
mixtures of orthosilicate and silica. The effect of the grinding was ob- 
viously just to disintegrate the mass and to cause a dilution of the silicate 
with silica which had hitherto been intimately dispersed within the 
crystals. Refiring of such a mixture had no effect whatever in restoring 
its fluorescence. 


HI. OBIOIN OP FLTJOBESCENCE 

From a consideration of the experiments that have been described on 
the characteristics of fluorescent zinc silicate, it would appear that the 
phenomenon of fluorescence is dependent upon the presence of manganese. 
This is borne out by the observations that fluorescence of appreciable 
magnitude does not arise in the absence of manganese, that manganese 
when present enters into the silicate molecule, substituting for a zinc 
atom, and that the resulting fluorescence is proportional to the manganese 
concentration up to an optimum value. The manner in which light may be 
emitted by excitation of the manganese can best be approached theo- 
retically by a consideration of the energy states within a crystal. Unlike 
the states in a gas, these cannot be represented by discrete levels, because 
of the high concentration of atoms in a solid. The eneigy of valence 
electrons is so strongly influenced by the location of atomic nuclei and by 
the mutual presence and movement of other electrons, that the possible 
states are extended into bands, each one of which is characterized by a 
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finite range in energy. Furthermore, there are wide energy gaps between 
allowed bands. 

Seitz and Johnson (11) have outlined a mechanism for the occurrence of 
fluorescence by excitation of impurity atoms in a crystal. It considers 
the localized, discrete energy levels that are introduced by the presence of 
a foreign atom at such low concentration that its proportion to the main 
atom of the crystal is far from a combining ratio. These discrete levels 
are found, if at all, within the forbidden zones, the gaps between the 
allowed energy bands. Excitation involves the ejection of an electron 
from one level to another, such, for instance, as the raising of an electron 
from one of these localized impurity levels to an upper unfilled band of 
the crystal. The spectrum of the fluorescence emitted by its return is 
continuous and of longer wave length than that of the exciting light by 
reason of several possible losses, including collisions with the lattice which 
cause some of the emission to be diverted to the infrared. 

IV. ABNORMAL DECREASES IN FLUORESCENCE 

Effect of grain size 

In the discussion of reaction velocity, too large a size of the oxide 
particles was shown to be a factor which might prevent completion of the 
reaction and consequently limit the fluorescence of the product. Even 
after a complete reaction, however, the brightness of the fluorescence 
has been found to depend upon the crystal size of the finished phosphor. 

Phosphors that exhibit greatest brightness have an average crystal 
size of about 4~5 /x with a maximum of about 13 m and a minimum of about 
1.5 fjL, Aggregates of larger size, obtained by sintering the phosphor, 
have necessarily a reduced fluorescence, because the exjKised surface of 
the powder per unit area covered by it becomes lower as the particle size 
is increased. 

The grain size itself has been reduced in four ways: (1) by grinding in 
an agate mortar, by reducing the temperature of formation from 1250® 
to 1 100®C., (3) by preparation at 850®C. with cadmium chloride as catalyst, 
and (4) by fusion. In each case the fluorescence was lowered, even when 
the phosphor had the composition of the orthosilicate, a homogeneous 
compound devoid of free silica. The relation between grain size and 
fluorescence is shown in table 4. It is noteworthy that a refiring of the 
ground phosphor led to increases in both grain size and fluorescence, but 
failed to bring either to their original values. 

There is a distinct tendency for the fluorescence to vary with the fineness 
of the material. The coarsest material has the highest fluorescence and 
the finest material has the lowest. Phosphors of intermediate crystal 
size show fluorescence whose brightness lies midway at values varying 
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according to the method of preparation. This relationship is in accord 
with the condition of the manganese atoms as affected by such changes in 
crystal size. As has fdready been pointed out, the fluorescence arises pre- 
sumably from excitation of the manganese atoms. This process is possible, 
however, only for those atoms that find themselves incorporated within 
.the interior of a crystal. The energy states of surface atoms are so differ- 
ent that the same phenomenon would not be expected. The smaller the 
crystal aze, the greater will be the number of manganese atoms that occur 
on the surface of a crystal, rather than in its interior. This is more than 
a matter of probability of arrangement. The larger size of the man- 
ganese ion, together with its low percentage, implies that it produces 
localized stresses throughout the lattice. When a phosphor is ground, 
cracks will therefore occur most readily along planes including manganese 
atoms, and, consequently, more manganese atoms will find themselves on 

TABLE 4 


Relation between prain size and fluorescence of zinc orthosilicate with O.4 per cent 

manganese 


TBBATMBNT 

DIST 

7Ain 

RiBtrrzoif 

3-7/1 

IN GRAIN 

1-8/1 

UZB 

1m 

RBLATIVB 

FLUORBfr- 

CBNCB 


per cent 

per cent 

per cent 

per cent 


Prepared at 1250’C 

15 

35 

35 

15 

102 

Prepared at 1250®C.; ground 

0 

0 

5 

95 

32 

Prepared at 1250°C.; ground and refired. . . 

0 

8 

22 

70 

81 

Prepared at 1100®C 

0 i 

5 

80 

16 

76 

Prepared at 860®C. with CdCl 2 as catalyst 

0 

0 

20 

80 1 

70 

Prepared at 1600®C. by fusion. . . . . 

0 

5 

80 

15 

67 


external crystal surfaces than would be calculated from a probability rule 
of random distribution of cracks. A similar situation holds in the crystal- 
lization from a fused mass, for again boundaries between grains will form 
most readily along planes including the foreign atoms of manganese. 

When the ground silicate was refired, the product proved to be highly 
sintered, in contrast to the pulverous condition of the original phosphor 
after its preparation at the same temperature; this is evidence of the much 
greater fineness of the groimd product. The refiring produced a little 
grain growth — suflScient to raise the fluorescence somewhat — but both 
remained below the values characteristic of the original. The particularly 
low grain size of the product formed at 850®C. under the influence of the 
cadmium chloride flux is in accord with the trend obsprved at higher tem- 
peratures, where a reduction in grain size accompanied a reduction in the 
temperature of preparation. 

The relation between fluorescence and grain size was confirmed by 



CHARACTERISTICS OP SILICATE PHOSPHORS 


673 


microscopic examination of fluorescing particles. Those below 1.5 m were 
by contrast so low in fluorescence as to appear almost dead. In another 
experiment samples of coarse and fine particles were collected by sedimenta- 
tion of a normal phosphor in alcohol. At a 1 mm. thickness the fine parti- 
cles were noticeably less bright than the coarse. Similar conclusions 
have been drawn by Riehl and Ortmann (10) from relations found between 
phosphorescence and grain size. 

Effect of conversion to glass 

Zinc silicate could not be converted into a glass, but this was done 
readily in the case of cadmium silicate by heating above its fusion tempera- 
ture in a platinum crucible and cooling rapidly. In the absence of man- 
ganese, a clear white glass was formed. In the presence of 0.4 per cent 
manganese the glass was still clear, but was discolored a deep brown, in 
contrast to the white color of the crystalline product, and was devoid of 
fluorescence. Although the original powdered phosphor gave an x-ray 
diffraction pattern of lines characteristic of its crystalline structure, the 
glass showed no line pattern whatever. The loss of fluorescence on con- 
version to a glass has already been observed by Curie for zinc borate 
phosphors (3). He ascribed it to the change in condition from a crystal- 
line to a glassy state. This is difficult to reconcile with the occurrence of a 
wide variety of fluorescent glasses the emitted light of which is dependent 
upon the presence of a trace of activating metal. Although in some cases 
such a metal forms fluorescent salts, such as the rare earths and the uranyl 
salts, yet many of them are common metals whose salts are devoid of 
fluorescence. It seems therefore more reasonable to conclude that the 
conversion of a phosphor, such as cadmium silicate, into a glass is accom- 
panied by a decomposition of the fluorescent double silicate of cadmium 
and manganese into a conglomerate of cadmium silicate and manganese 
silicate which is non-fluorescent, just as any other mixture of these com- 
pounds would be. This view seems justified by the change in color, for 
manganese silicate is a deep brown. It seems justified also by the diversity 
in size of the metal ions, cadmium and manganese. 

Further evidence is shown by the behavior of the glass when refired 
below its melting point. When the temperature was 100®C. below the 
normal firing temperature, the mass crystallized and developed a low 
fluorescence. Even after 65 hr. of firing, however, the fluorescence re- 
mained low and some of the brown discoloration persisted. This is hardly 
in accord with what one would expect if the return to a fluorescent phos- 
phor involved simply the transformation from the glassy to the crystalline 
state. It would seem rather to denote a reaction involving the diffusion 
of two separate silicates to form the double silicate characteristic of the 
phosphor. When the glass was refired directly at the normal firing 
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temperature, it was reconverted into the normal white phosphor and 
developed a relatively bright fluorescence. This fluorescence was still 
from 20 to 30 per cent below the original value. Examination showed 
the grain size to be of the order of that noted in table 4 for fused zinc 
silicate. The reduction is therefore the normal one that is dependent 
•upon the reduction in grain size. 

It is not surprising to find a similar effect produced by the action of a 
flux capable of converting a phosphor into a glass at temperatures below 
its normal melting point. This could be done with zinc silicate by firing 
at lOOO^C. with a suflScient amount of sodium borate, zinc borate, or zinc 
phosphate. The glass obtained was non-fluorescent. With sodium 
borate a glass was obtained even at 50 per cent mixtures. It was violet 
in color, denoting as before a decomposition of the phosphor as the cause 
for the loss of fluorescence. When this glass was fired for 15 hr. at 750®C., 
it devitrified into a crystalline product and developed the characteristic 
fluorescent spectrum of zinc silicate with an intensity 9 per cent of normal. 

V. EXCITATION 

The two silicate phosphors, together with some sulfide phosphors, were 
examined for their luminous characteristics by Frank B. Quinlan and the 
author. The spectral distribution was found with a spectrophotometer, 
and the efficiency of excitation was determined under radiation from a 
monochromator, measuring the radiant energy of a line with a thermopile 
And the fluorescence lumens in a 4.5-cm. sphere with a photovoltaic cell 
and correcting filter. The lumens were converted into energy units by 
calibration of the sphere for visible light of various wave lengths. The 
efficiency represents, therefore, the percentage which the fluorescence 
energy within the visible range bears to the radiant energy. The results 
are given in table 5. The silicates contain 0.4 per cent manganese. The 
two sulfides are commercial products and presumably contain copper as 
an activator. The uranyl salt is potassium uranyl sulfate. The spectral 
distribution and excitation of the silicate phosphors are shown graphically 
in figures 7 and 8. 

No data were obtained on the absorption of ultraviolet light by the 
phosphors. It is interesting, however, to consider the quantum yield in 
terms of the quanta of radiant energy necessary to yield one quantum of 
fluorescence energy. This is done in table 6 for those wave lengths at 
which the efficiency was particularly high. 

In order to have a photographic record of the efficiency of excitation, 
the Duclaux and Jeantct method was resorted to (6). A phosphor was 
coated on the outer surface of a plate of glass. This was placed over a 
photographic plate with a No. 16 Wratten filter in between. The com- 
bination absorbed all radiation below 5461 A., except that of 3125 A., a 
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small amount of which was transmitt(‘d. Cons(^qu(*ntly tlu* ]ihotof>raphic 
plate recorded only the* fluor(‘sccnt light, and display(‘d a pattern of lines 
corresponding in position with th<‘ ultraviolet lin(\s that were capabk* of 
exciting fluores(*(‘nc(‘. Tludr relativ(' intensity is a m(‘asur(* of the degnn* 
of excitation, Th(‘ attach(*d photographs in figur(‘ 9 bring out, for instance, 
the strong contrast [)etween the two silicates, excited only f)y th(‘ far ultra- 
violet, and th(‘ grouj) of th(* sulfid(* and uranyl salts excited most strongly 
by the near. 
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Fluorescence depends upon the presence of manganese. At an optimum 
concentration of 0.4 per cent manganese it shows a peak at all temperatures 
and remains almost constant from 100°C. to 77“K. For any concentration 
above 0.4 per cent manganese the fluorescence increases continuously as 
the temperature is reduced, approaching the value of the optimum at 
77®K. The fluorescence is at a peak for the composition of the ortho- 
silicate but is reduced only slightly when prepared with large exce.S8es of 
silica. Such phosphors are disintegrated readily by grinding and are 
simply conglomerates. X-ray examination shows a persistence of the 
ortho.silicate structure throughout. It shows also a stretching of the 
lattice in the presence of manganese, denoting that the latter enters into 
the silicate structure by substitution for an occasional zinc atom. 

Reductions in fluorescence resulting from fusion or from grinding, even 
when followed by refiring, are due to permanent reductions in crystal 
size. The complete loss of fluorescence produced by con.version into a 
glass is a consequence of a decomposition of the double silicate into its 
constituents. The fluorescence is partially restored by refiring at a tem- 
perature below the fusion point. 

The efficiency of excitation was measured between 2225 A. and 4047 A. 
for some silicate and sulfide phosphors. Several of them showed a quan- 
tum efficiency of nearly unity for .specific wave lengths. 

The author is indebted to William H. Tomb, Elwood M. Douthett, and 
Robert I. Reed for their assistance in preparing the phosphors. 
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INTRODUCTION 

The properties of the solid-liquid interface have received much atten- 
tion recently because of their direct application to problems such as 
flotation and lubrication in many industrial fields. Although the phe- 
nomena encountered in these fields are explainable in terms of the theory 
of this interface, theoretical investigations of the interface have lagged far 
behind the practical applications. This is because the complexity of the 
solid surface introduces numerous experimental difficulties in any study 
of the solid-liquid interface. 

One of the most obvious phenomena connected with the solid-liquid 
interface is the liberation of heat when such an interface is formed. This 
is usually called the heat of wetting or the total energy of immersion. The 
literature contains much work on the heats of wetting, but a great deal 
has been done on silica gel and charcoal. Since these substances possess 
minute capillaries in which adsorption takes place, they present phenomena 
entirely different from and more complex than those obtained when im- 
penetrable crystalline particles are used. This paper has been restricted 
to the latter materials, since a study of such systems will probably throw 
more light on the nature of the solid-liquid interface. In particular, the 
heats of wetting of silica, calcium fluoride, lead sulfate, and barium sulfate 
powders by water and by methyl, ethyl, propyl, isopropyl, and butyl 
alcohols have been determined. 

BRIEF r£sUm6 of EARLIER WORK 

In 1822 Pouillet (16) observed that heat is evolved when finely powdered 
solids are wet by liquids. Four liquids — alcohol, oil, ether, and water — 
were used with various solids, — metals, oxides, glass, porcelain, silica, and 
sulfur. He connected the heat effects with physical phenomena, such as 
capillarity. 

1 Presented at the Ohio-Michigan Regional Meeting of the American Chemical 
Society, held at Columbus, Ohio, November 19, 1937. 
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Hiirty years later Tate (18), on the basis of his experiments, concluded 
that chemical action at the interface was the explanation for liberation of 
heat. Maschke (13) attempted to account for it on the basis of friction 
between the liquid and solid. Rose (17) and Jungke (9) agreed that solids 
condense a layer of liquid upon them under compression and that a heat 
of compression was liberated. Lamb and Coolidge (11) have had much 
success with the compression theory in explaining heats of wetting of 
charcoal by various vapors. 

Martini (12) and Cantoni (3) agreed on the solid solution theory, reason- 
ing that, just as solids are dissolved by liquids and thereby become liquid, 
so water may be dissolved by silica and thereby become solid. 

Gaudechon (4) believes the heat of wetting to be due to association or 
polymerization of molecules of liquid in contact with a solid. 

Patrick and Grimm (15) have considered the heat of wetting of silica 
gel from the standpoint of surface energy changes involved. They dis- 
tinguish between capillary adsorption and adsorption on a plane surface. 
The initial film of adsorbed liquid is admitted to be under compression, 
but is held to be negligible in amount as compared with the total condensa- 
tion in a solid having capillary structure. Harkins and Ewing (7) have 
obtained direct experimental evidence of the compression of the layer of 
oi^anic liquids adsorbed on activated charcoal. 

Bartel and co workers (1) have conducted extensive researches on solid- 
liquid interfac&s, measuring the adhesion tension (free energy of adsorp- 
tion) by a very ingenious method, de Boer and coworkers (2) have done 
considerable work on the adsorption of dipoles on calcium fluoride and 
have used electrostatic equations to interpret their results. Illiin (8) and 
coworkers have had a measure of success in calculating the heat of wetting 
barium sulfate by water by use of the formula 

>■* 

where E is the potential of adsorption, N the number of lattice ions per 
square centimeter, Ze the charge on the lattice ion, ro the equilibrium dis- 
tance from the center of the lattice ion to the center of the dipole, and m the 
dipole moment. 


THEORETICAL 

The adsorbed dipole on a heteropolar surface has been pictured as an 
oscillating molecule, oscillating about an equilibrium position, ro, the dis- 
tance of the center of the lattice ion from the center of the dipole. This 
equilibrium position is maintained by two opposing forces, one attractive, 
the other repulsive. 

In figure 1, C, D, and B represent the centers of lattice ions on a portion 
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of a heteropolar crystal surface, and A represents the center of a dipole 
adsorbed on the positive ion whose center is C. In general then, letting 
ad — r, where r is the distance of the center of the lattice ion from the 
center of the dipole at any point of its oscillation and d is the lattice con- 
stant, the attractive energy is 


^1- 


nZe 


where ^ is the dipole moment, Z the valence of the lattice ion, and e the 
electrostatic charge. 

This may be summed up over the surface. For the first three charges 
the energy terms will be 


El — 


ytZc 




COB D AC 

AD* 


cos BAC 

AB* 



Fio. 1. Forces acting on an adsorbed dipole 

Summing over the entire surface we obtain as the attractive energy of an 
oscillating dipole adsorbed on a heteropolar crystalline surface 

a + B. . . . B. _ B' = + „■ + m-r- 

wherein m = c/2 and c takes on all integer values positive and negative 
and 0. For the energy of adsorption at the equilibrium position this 
becomes 


2: (-l)«-^">[o«* -h n* -h mV'* 


where and — ro. 

The repulsive energy will be in the form: 


E" 


(ady 


where 6 is a constant, and p is greater than 2 and in all probability is of 
the order of 10. The repulsive terms arising from charges other than the 
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primary one upon which the dipole is adsorbed may be neglected because 
of this large exponent. 

Therefore we may write as the complete expression for a dipole on a 
ciystal surface: 

F + F' = ^ + n* + inT*'* - 

This expression neglects such secondary effects as induction, interaction 
between dipoles, and lattice layers other than the first. 

If we wish to take account of layers other than the first, the expression 
becomes 


E = e g f l y ig ) 2 + g)* + n* + 


b 

[(o + g)d]»> 


where g is 0 for the first layer, 1 for the second, etc. 

This expression may be used for calculating the e..ergy of adsorption 
of powders of known area of the sodiiun chloride type, wherein the naturally 
occurring faces are all identical. 


EXPERIMENTAL 

A. Preparation of powders 

(/) Silica. Silica sand was put through a disc mill several times. The 
resulting product was grey in color, as it contained considerable quantities 
of iron from the grinder plates. It was treated several times with a mixture 
of strong nitric and hydrochloric acids to dissolve this iron. The silica 
was then washed by decantation with distilled water at frequent intervals 
for a period of 3 weeks. It was then dried and ignited to drive off residual 
water and carbon, which remained after the solution of the iron. A pure 
white material was obtained which, however, was not fine enough for 
determination of heats of wetting; therefore it was ground wet in a porcelain 
ball mill for a period of 24 hr. The resulting product was dried and 
ignited. Accurately weighed quantities of this material were placed in 
thin glass bulbs, sealed to a vacuum apparatus, and heated to 400°C. for 
24 hr. in vacm. 

(8) Fluorite. Very pure powdered fluorite was obtained from the Rosi- 
clare Lead and Fluorspar Mining Company and was ground in the ball 
mill similarly to the silica, dried at 110°C., and heated in vacuo just below 
400“C. 

(3) Lead stdfate. Pure crystalline lead sulfate was prepared by adding 
6 N sulfuric acid to a saturated solution of lead nitrate, followed by washing 
by decantation until free from acid. It was heated in thin glass bulbs 
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in vacuo to 200®C. Above this point sintering occurred. This was the 
method used by Koehler and Matthews (10). 

(4) Barium aidfate. Barium sulfate was prepared by the method of von 
Weimarn (19), which gave a pure crystalline product. To a 0.2 N solution 
of barium thiocyanate a saturated solution of manganous sulfate was 
added. The precipitate was washed by decantation, dried at 110®C., and 
heated in vacuo to 200“C. 

B. Purification of alcohols 

The c. p. alcohols were refluxed and distilled over lime, the first and 
last portions being rejected. 


C. Apparatus 

The apparatus for the evacuation of the powders consisted of a vacuum 
oil pump, a mercury diffusion pump, and a small electrical resistance 
furnace for heating the bulbs of powder. 

The calorimeter itself consisted of a Dewar flask with an especially 
designed brass top to which the flask was fastened. The temperature rise 
caused by the heat of wetting was determined with the aid of a 36-junction 
copper-Constantan thermopile. Each junction was insulated by dipping 
it into a dilute solution of Duco cement in acetone and drying it. The 
thirty-six hot junctions w’ere inserted into an 8-mm. Pyrex tube and just 
brought into contact with a thin glass membrane at one end of the tube, 
the tube then being filled with paraffin. The cold junction was constructed 
similarly. This thermopile could be used in any type of solution without 
fear of damage. The sensitivity was such that 148 microvolts was equiva- 
lent to 0. 1®C. The calorimeter was electrically calibrated by a nichrome 
heating coil. The e.m.f. across the coil was measured and the current in 
the coil measured by determining the drop across a standard 1-ohm resist- 
ance in series with the circuit. 

The constant-temperature bath in which the calorimeter was immersed 
was held at 25°C. The cold junction of the thermopile was also immersed 

in a Dewar flask and maintained at 25®C. in the bath. 

« 

D. Procedure 

The procedure for the determination of the heats of wetting was as 
follows: The sample of the powder in the thin glass bulb was placed in a 
holder in the calorimeter, and the calorimeter, filled with 300 cc. of liquid, 
was clamped into position. The constant-temperature bath was regulated 
to 25“C. and the Dewar flask, containing the cold junction of the thermo- 
pile, filled with water at this temperature. Twenty-four hours was 
allowed to reach equilibrium. The calorimeter stirrer was started, and 
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the electrical heater was used to bring the temperature of the calorimeter 
to that of the cold junction. Ten minutes before the bulb was broken 
temperature readings were taken at 1-min. intervals in order to determine 
the rise in temperature due to stirring. The bulb of powder was then 
broken by means of a rod inserted through the hollow stirrer shaft, and 
temperature readings were taken every minute. The heat of wetting was 
usually completely liberated in 3 min. After temperature readings were 
taken for 5 min., the heating coil was connected for exactly 1 min., the 
current and voltage being measured. The temperature rise was again 
measured by the thermopile. By comparison with this temperature rise, 
produced by a known quantity of heat from the heating coil, the heat 
evolved during the wetting process was calculated. 

At least five determinations of the heats of wetting of each powder by 
each liquid were made; they agreed within approximately dh 0.01 cal. per 
gram of powder. 


RESULTS AND DISCUSSION 

As shown in table 1, the heats of wetting of calcium fluoride and lead 
sulfate by water and by methyl, ethyl, propyl, isopropyl, and butyl alcohols 
are zero. The result on lead sulfate is in agreement with the work of 
Koehler and Matthews (10), who have previously found that the heat of 
wetting of lead sulfate by water is zero. On the basis of any electrostatic 
theory of adsorption it is difficult to explain the wide variance between 
barium sulfate and lead sulfate, since they have the same crystal structure, 
their lattice constants are very close to each other, and their negative ions 
are identical. The greatest difference is in the radii of the metallic ions, — 
lead ion = 0.85 A. and barium ion = 1.43 A. This, if anything, should 
make dipole adsorption of somewhat greater energy on the lead ion. This 
is an anomaly which needs further work for explanation. It is believed, 
however, that it is probable that the surface has been altered in some 
manner, possibly by the reaction with adsorbed water during drjdng. de 
Boer and Dippel (2) have presented evidence to this effect in the case (ff 
calcium fluoride, which reacted with adsorbed water while drying in vacuo 
above 400“C. to form Ca(OH)F and HF. In other words, cdcium fluoride 
and lead sulfate may not adsorb water in the ordinary manner, but may 
form some sort of definite hydrate which is not removed by ordinary treat- 
ment, and which, consequently, prevents further appreciable adsorption 
when these powders are immersed in liquid. 

The reason for using the homologous series of alcohols for determinations 
of heats of wetting is because they all have the same dipole moment within 
the limits of experimental error, namely 1.6 X 10““ e.s.u. (5). The 
eiqierimental values obtained give some information as to the orientation 
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of the adsorbed molecules when considered in the light of the dipole theory 
of adsorption; wherein the potential of dipole is given by the formula: 

p = ’i 

^ |.2 

If all the hydroxyl groups were oriented towards the crystal surface, 
one would expe(;t all the alcohols from methyl through butyl to have 
practically the same energy of adsorption. Since this is not the case, we 
make the assumption that the hydroxyl group is oriented towards the crys- 
tal surface when it is adsorbed on the positive ions, and reverses itself on 
the negativcj ions. Adsorption then on negative ions is weak and orienta- 
tion is probably much less pronounced than on the positive ions. 

The decrease in heats of wetting of silica gel as one ascends the homolo- 
gous series of alcohols has been explained by increasing steric hindrance 
in the fine capillaries of the gel. Although there are probably many sur- 
face cracks on the silica that we have prepared by grinding, the hindrance 

TABLE 1 


Average values of heats of welling in calories per gram 


UQUIO 

SiOj 1 

CaFj 

PbS04 

BaSOi 

yfater 

1.00 

0 

0 

0.49 

Methyl alcohol 

0 69 

0 

0 

0.24 

Ethyl alcohol ... 

0.65 

0 

0 

0.22 

n-Propyl alcohol 

0.60 

0 

0 

0.19 

n-Butyl alcohol 

0.50 

0 

0 

0 16 

Isopropyl alcohol. 

0.63 

0 

0 

0 21 


due to these is small in comparison with capillary hindrance, and the 
barium sulfate is no doubt more free from surface cracks than the silica. 

In the case of isopropyl alcohol the hydroxyl group is attached to the 
center carbon atom; such a molecule adsorbed with the hydroxyl group 
oriented towards the crystal surface covers more surface area than a pri- 
mary alcohol. One might be led to suspect that there would be hindrance 
to the placing of such molecules, one on each lattice ion. The amount of 
hindrance would, of course, depend upon the magnitude of the lattice 
constant, d. No sharp decrease in the heat of wetting of isopropyl alcohol 
over those of the primary alcohols was observed, which seems to indicate 
that no such hindrance took place in the surfaces of those solids investi- 
gated. 

Approximate curves (figures 2 and 3) have been calculated and drawn 
for the energy of adsorption of water and of methyl, ethyl, propyl, and 
butyl alcohols on barium sulfate, using the formula: 

„ _ iiZe b 

^ ^2 y .10 
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Fig. 3. Energy of adsorption of alcohols on barium sulfate 

6 is determined in the usual manner by setting the derivative of the above 
expression equal to 0 and giving r its equilibrium value. 
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It has been assumed that the energy of adsorption on the barium ion 
is the same regardless of the alcohol, since they all have the same dipole 
moment. Energy of adsorption on the sulfate ion decreases as one ascends 
the series, because the dipole is farther removed from the ion; also, the 
displacements from the equilibrium position become greater. The energy 
of binding on the sulfate ion is so small that actually it is quite probable 
that orientation is much less pronounced there than on the barium ion and 
that the average life period of an adsorbed molecule is very short. These 
calculations are intended to be only approximate, but it is believed that 
they represent the general trend of conditions on heteropolar surfaces. 

TABLE 2 


Comparison of experimental and theoretical values of heats of wetting in calories 

per gram 


LIQUID 

j Si02 

1 

1 BaS04 

1 Experi- 

1 mental 

Theorct- 

ical 

Experi- 

mental 

Theoret- 

ical 

Water 

j 1.00 

1 00 

0.49 

0.49 

Methyl alcohol 

0.69 

0 61 

0.24 

0.28 

Ethyl alcohol 

0.65 

0 55 

0.22 

0.25 

n-Propyl alcohol 

i 0 60 

0.52 

0.19 ! 

0.23 

n-Butyl alcohol .... 

i 0.50 

' 1 

0.50 

0.16 

0.21 


TABLE 3 

Comparison of experimental and theoretical value of heats of wetting in calories 
% per gram 


i 

UQUIO 

MgO 

ZnO 

TiO* 

Experi- 
mental ! 

1 

Theoret- 

ical 

Expert, 
mental j 

Theoret- 
ical 1 

Experi- 

mental 

Theoret- 

ical 

Water 

1.00 

1.00 

1 00 

1.00 

1.00 

1.00 

Butyl alcohol 

Amyl alcohol 

0.50 

0.46 

0.58 

0.51 

0.66 

0.55 


With water as a standard, table 2 compares the experimental heats of 
wetting and those obtained by use of the formula: 


E = 


fiZe 

To 


To 


This formula was found to be an excellent first approximation to the more 
complete formula 

S + n* + 

(P 
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derived on page 681. The sum of the two energies of adsorption (on the 
positive and negative ions) is taken as proportional to the total energy of 
adsorption. 

Table 3 gives similar results, using the data of Harkins and Dahlstrom 
(6) for the heats of wetting of titanium dioxide and zinc oxide by wetter 
and butyl alcohol, and the data of Meissner (14) for the heats of wetting 
of magnesium oxide by water and amyl alcohol, all on the basis of water 
== 1 . 00 . 


SUMMARY 

1. The heats of wetting of silica, calcium fluoride, lead sulfate, and 
barium sulfate by water and by methyl, ethyl, propyl, isopropyl, and 
butyl alcohols have been determined. 

2. An explanation for the zero heats of wetting of calcium fluoride and 
lead sulfate has been offered. 

3. A general theory for the adsori)tion of dipoles on heteropolar surfaces 
has been presented. 

4. Simple theoretical calculations of the heats of wetting of barium 
sulfate and silica have been shown to be in fair agreement with experi- 
mentally determined values. 

This work was carried out under the Research Associate Plan of Battelle 
Memorial Institute. Grateful acknowledgement is made to Dr. O. E. 
Harder for helpful suggestions and criticisms, and to Mr. Clyde E. Wil- 
liams, Director^ for permission to publish this material. 
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INTRODUCTION 

In 1905 Sabatier and Senderens (16) concluded that copper was unable 
to catalyze the hydrogenation of benzene. Twenty years later, Pease and 
Purdum (13) reported the hydrogenation of benzene at ordinary pressure 
in the presence of copper as catalyst. We have reinvestigated this prob- 
lem and have found that pure copper can just barely hydrogenate benzene 
at ordinary pressure but that it readily docs so under superatmospheric 
pressure. 

The authors have found that the hydrogenating activity of copper is so 
susceptible to impurities that the purity of each sample must be confirmed 
by spectrographic analysis. Their experiments show that small amounts 
of nickel, chromium oxide, etc. activate copper sufficiently to enable it to 
hydrogenate benzene at ordinary pressure. For example, the presence of 
0.007 per cent of nickel (1 nickel atom per 13,000 copper atoms) makes it 
possible for copper to hydrogenate benzene to the extent of 8 per cent in a 
contact time of 180 sec. With 0.01 per cent and 0.04 per cent of nickel, 
benzene is hydrogenated 21 per cent and 36 per cent, respectively. On 
the? other hand, traces of certain other impurities, as, for example, lead, 
poison the copper catalyst so that it can not hydrogenate benzene even 
under superatmospheric pressure. 

Pease and Purdum apparently assumed that nickel and cobalt were the 
only pertinent impurities. They reported that their copper catalyst was 
free from nickel and cobalt, but that it contained a trace of iron. They 
gave no information as to their method of analysis or as to its accuracy. 

In order to ascertain whether copper can catalyze the hydrogenation 
of benzene it was first necessary to prepare pure copper catalyst. Numer- 
ous samples of copper oxide and copper carbonate were analyzed; all 
were found to be impure. Pure copper preparations were finally obtained 
by precipitation. 

The final step in the preparation of copper catalyst was the reduction 
of copper oxide by hydrogen. The hydrogenating activity of the reduced 
catalyst was evaluated by passing a mixture of 6 to 7 volumes of hydrogen 
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and 1 volume of benzene over it at 225®C. and ordinary pressure and 
determining the amount of cyclohexane in the product. 

Pure copper catalyst was usually prepared by the decomposition and 
reduction of basic copper carbonate, which had been precipitated from 
the nitrate by ammonium carbonate. Spectroscopic examination showed 
that the reduced copper contained less than 0.005 per cent of nickel, 
cobalt, iron, lead, or tin, and not more than 0.01 per cent of aluminum, 
chromium, calcium, or magnesium. Electrolysis, however, revealed the 
presence of not less than 0.2 per cent of oxygen. Such copper, con- 
taining oxygen, catalyzed the hydrogenation of benzene at ordinary 
pressure and 225®C. with difficulty (1 per cent hydrogenation in 300 
sec. contact time), but it readily hydrogenated benzene at 350°C. 
under a pressure of 150 atm. of hydrogen. 

Pure copper was also prepared by the method of Ipatieff and Wer- 
chowsky (11, 10), which consists in the reduction of copper ions by hydro- 
gen under pressure. The original copper sulfate was purified by recrystal- 
lization, followed by precipitation with hydrogen sulfide and subsequent 
conversion of sulfide to sulfate by nitric acid. The metallic copper pre- 
cipitated by hydrogen analyzed 100.00 zb 0.05 per cent pure by electrolysis, 
and the spectroscope showed it to be as free from other metals as the sample 
described above. This copper did not hydrogenate benzene at ordinary 
pressure and 225®C. or even under 150 atm. of hydrogen at 350®C. How- 
ever, a copper preparation obtained by reworking this inactive copper 
(solution in nitric acid, precipitation as carbonate, decomposition, and 
reduction) was able to hydrogenate benzene under superatmospheric 
pressure. 

In view of the fact that 100.0 per cent copper precipitated by hydrogen 
in the form of large microcrystals did not hydrogenate benzene, whereas 
99.7 per cent copper prepared from basic carbonate, containing oxygen as 
impurity, and possessing a structure on the borderline between crystalline 
and colloidal according to its x-ray picture, did hydrogenate benzene, the 
following questions arise: Is the inactivity of the first type of copper due 
to insufficient surface area, or is the catalytic activity of the second type 
of copper due to the activating effect of oxygen and/or water 

The net ’result of a catalytic process such as the hydrogenation of benzene 
in the presence of copper is due to the combined effect of many variables. 
These variables fall into two main divisions; (1) the experimental condi- 
tions of precipitation, of reduction of the oxide, and of hydrogenation of 
the benzene, and (Z) the properties of the catalyst, such as chemical com- 
position, development of internal structure, and stability of lattice. It is 
only when all of these conditions are favorable that the best results can 
be expected. 

^ ^ See Ipatieff on the r61e of oxides in catalysis (8). 
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The system copper-benzene- hydrogen is an excellent one for the study 
of the variables of hydrogenation catalysis, since the intrinsic hydrogenat- 
ing ability of copper with regard to benzene is so slight that the importance 
of these variables is magnified. With an active catalyst such as nickel, 
which when properly prepared and promoted (9) is able to hydrogenate 
benzene quantitatively at 50°C. and ordinary pressure in a contact time 
of 1 sec., it is far more difficult to separate and evaluate the many variables 
which contribute to hydrogenation catalysis. 

In this study of the catalytic properties of copper one variable was 
changed at a time, the other variables being held constant and favorable 
for the hydrogenation of benzene. Thus it was possible to determine the 
separate effects of the variables concerning the preparation and properties 
of coppe^r hydrogenation catalyst. 

With a sample of copper oxide which contained about 0.1 per cent of 
nickel we studied the effect of the time -temperature conditions of reduc- 
tion. The threshold temperature at which copper catalyst rapidly loses 
activity is 350-400®C. 

The hydrogenating activity of copper catalysts can be estimated by 
microscopic examination of the surface. The catalytically active surface 
is a spongy structure of microcrystals with many fissures between the 
individual crystals. Three types of inactive surface are distinguishable 
under the microscope: (1) smooth, compact, and without crystal faces; 
(^) composed of smooth, round particles; and (3) made up of large micro- 
crystals. 

Application of the radioactive emanation method made it possible to 
correlate the emanating power (and therefore surface) of the copper cata- 
lysts with hydrogenating activity. A copper catalyst which contained 
3.5 per cent of chromium oxide and whose relative hydrogenating activity 
was 28 at 90 sec. contact time was found to possess thirty-nine times as 
much emanating power as a preparation of pure copper whose relative 
hydrogenating activity was 0. However, loss in catalytic activity due 
to heating at 400°C. could not be directly correlated with the change in 
emanating power. 


EXPERIMENTAL 

Preparation and testing of copper catalysts 

Preparation of copper catalysts. The first copper catalysts, which were 
prepared by the reduction of c.p. copper oxides and carbonates, hydro- 
genated benzene at 225®C. and ordinary pressure to the extemt of 30 to 
50 per cent, in a contact time of 90 sec. However, these copper catalysts 
were all contaminated with other metals, sometimes to as high as 0.2 per 
cent. The most common activating impurity was nickel. ♦ 
Preparation of pure copper catalyst from basic carbonate and hydroxide. 
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Precipitation was usually made with ammonium carbonate or hydroxide, 
the former being preferable. The precipitate was washed once, and the 
residual ammonium nitrate was removed by heating. Sodium and po- 
tassium hydroxide were also tried, but it was difficult to wash out occluded 
sodium and potassium nitrate, washhig being continued until the filtrate 
gave a negative or very faint test for nitrate with diphenylamine reagent. 

In a typical preparation 2 gram-molecules of copper nitrate were dis- 
solved in 4000 cc. of warm (distilled) water, and the filtered solution was 
placed in a 6-galion earthenware crock, together with an additional 8000 
cc. of warm water. To this solution was added, with stirring, a warm, 
filtered solution of 2 gram-molecules of ammonium carbonate in 4000 cc. 
of water. After standing for 1 hr. the mixture was filtered by suction. 
The filter cake was washed on a Buchner funnel with 500 cc. of water and 
then returned to the crock, where it was stirred with 16,000 cc. of warm 
water for 15 min. After standing for 1 hr. the solution was filtered. 

The chemicals used were of the highest reagent grade and their purity 
was checked, as well as that of the final catalyst. All utensils were washed 
with nitric acid and rinsed with distilled water just before use. 

The precipitate was dried at 180-190°C. for 36 hr. in a porcelain dish 
covered with a watch glass. The dry, fluffy, black powder was pressed 
into a thin cake (ca. 1.5 mm. thick) in a hydraulic press with a pressure of 
about 2 tons per square inch. The cake was cut up with a stainless steel 
knife into granules ranging in size from 6 to 10 mesh. The granules were 
heated in a stream of nitrogen for 20 hr. at 400®C., and the resulting oxide 
was reduced in hydrogen. 

Precipitation of pure copper from copper sulfate by hydrogen under pressure. 
Pure copper was precipitated as follows: A 3515-cc. rotating autoclave of 
the Ipatieff type, equipped with a glass liner, was charged with 850 cc. of 
distilled water, 125 g. of copper sulfate pentahydrate, 4 g. of 96 per cent 
sulfuric acid, and 50 kg. of hydrogen per square centimeter. The bomb 
was rotated for 12 hr. at 150®C. The 3deld of metallic copper was 28.8 g. 
(90.5 per cent of the theoretical). The filtrate was colorless at first but 
became blue on standing, owing to oxidation of cuprous to cupric ion by 
air. The matte of sparkling, mossy copper was washed several times with 
water and finally with alcohol. 

Redudion of copper oxide. The last step in the preparation of copper 
catalyst was reduction of copper oxide in a stream of hydrogen. The 
hydrogen purification train (figure 1) consisted of copper gauze (A) at 
550®C., followed by anhydrous calcium chloride (B), Ascarite (C), and 
Anhydrone (D). The copper oxide (66.8 g.) was packed into a glass tube 
(F; 14 mm. inside diameter) and was held in place by plugs of glass wool. 
In case of shrinkage during reduction the catalyst was again packed by 
fihpping. The conditions of reduction for oxide prepared from precipitated 
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carbonate were 20 hr. at 225®C. or 150®C., or 90 hr. at 100®C., 99.3-99.8 
per cent reduction being obtained. With Kahlbaum granular oxide, 
which presumably had been calcined, the reduction period was 20 hr. at 
225“C. The standard hydrogen rate (measured at room temperature) was 
2000 cc. per hour per 66.8 g. of copper oxide. The free space of the reduced 
catalyst was determined after the hydrogenation run by adding water to 
the charged catalyst tube. 

Hydrogenation test at superatmospheric pressure. Twenty grams of 
reduced copper and 50 cc. of benzene were charged to the glass liner of an 
850-cc. rotating bomb. The glass liner was closed with a glass stopper 
equipped with a capillary. The bomb was rotated for 12 hr. at 350®C. 
under an initial hydrogen pressure of 100 kg. per square centimeter. The 
extent of hydrogenation was estimated from the refractive index of the 
liquid product. 

Hydrogenation test at ordinary pressure. A mixture of benzene and 6 to 
7 volumes of hydrogen was passed over the catalyst at atmospheric pres- 
sure and 225®C. The contact times used with the pure (inactive) catalysts 
varied from 80. to 440 sec. The activities of the impure (active) catalysts 
were compared on the basis of their performance at 90 sec. contact time, 
as found by interpolation. Four hydrogenation periods (4 to 7 hr. each, 
depending on the gas rate) were run with each catalyst. Repetition of 
the original conditions showed that the activity was constant over much 
longer periods of time than those used in the test. The mixture of hydro- 
gen and benzene was obtained by bubbling hydrogen through benzene 
contained in a spiral wash bottle (6), the hydrogen-benzene ratio being 
calculated from the vapor pressure of benzene. Experiment showed that 
this calculation was justified, inasmuch as the ratios obtained in four ex- 
periments at 30.0®C. ranged from 5.18 to 5.35 (average 5.25), as compared 
with the theoretical value of 5.33. 

The liquid catalysate was collected in two (.sometimes three) receivers 
which were cooled in carbon dioxide-trichloroethylene, and sometimes the 
gas was also collected. The receiver system (figure 1 ; G and H) and the 
technique of handling were patterned after the description of Baxter and 
Hale (2). The first receiver collected about 98.9 per cent of the liquid 
product, the second 0.8 per cent, and the third, 0.3 per cent. 

Analysis of hydrogenation product. The composition of the liquid catal- 
ysate, a mixture of benzene and cyclohexane, was determined by means 
of refractive index. The benzene and cyclohexane used in establishing 
the refractive index-composition curve were originally of c.P. quality and 
were further purified (15, 7, 3). The curve was plotted from the data* in 
table 1. 

, * The data of Burrows and Lucarini (4) are incorrect, owing to a typographical 

error as to temperature (private communication). 
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Method of calculation. The contact time in seconds at the temperature 
and pressure of hydrogenation was calculated as free space divided by gas 

TABLE 1 


Composition and refractive indices of benzene and cyclohexane mixtures 


WEIGHT PER CENT OF 


Benzene 

Cyclohexane 

*D 

0.00 

100.00 

1.4266 

20.13 

79.87 

1.4380 

40.10 

59.90 

1.4510 

59.78 

40.22 

1.4655 

79.89 

20 11 

1 4824 

100.00 

0.00 

1.5012 


TABLE 2 
Typical calculation 


Hours on test 4.0 

Excess pressure at inlet, inches of water 4.6 

Temperature of benzene, ®C 27.3 

Vapor pressure of benzene at 27.3°C., mm. of Hg 105 

Barometer (corrected), mm. of Hg 741 

Average pressure in system, mm. of Hg 745 

Hydrogen- benzene volume ratio 6.1 


Liquid catalysate: 

Grams 

rij, 

Weight composition, 85 per cent benzene and 15 per cent cyclohexane: 
Benzene, grams 
Cyclohexane, grams 
Gas volumes at 225®C. and 745 mm. : 

Benzene + cyclohexane, cc. 

Inlet hydrogen, cc. , 

Outlet hydrogen, cc. . . . 

Average hydrogen, cc. 

Benzene -f* cyclohexane 4- average hydrogen, cc. 


1.200 

1.4870 

1.02 

0.18 

635 

3870 

3600 

3735 

4370 


Cc, of gas (225®C., 745 mm.) per second 0.304 

Contact time, sec. (free space, 19.2 cc.) . — 63 


rate per second. The gas volume was taken as the sum of the benzene 
and cyclohexane volumes plus the arithmetical mean of the inlet and out- 
let volumes of hydrogen. A typical calculation is shown in table 2. 
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Hydrogenation of benzene with copper catalysts 

Hydrogenation at ordinary pressure and Copper prepared by 

reducing Kahlbaum copper oxide (which contained 0 . 1 per cent of nickel) 
for 20 hr. at 225®C. hydrogenated benzene to the extent of 47 per cent in 
90 sec. contact time. 

Pure copper catalysts (table 3, Nos. 1 to 8), prepared from precipitated 
hydroxides and carbonates and free from other metals but containing 0.2 
per cent of oxygen, showed an average hydrogenation of 1 per cent at 

TABLE 3 


Hydrogenation of benzene with pure copper catalysts* at atmospheric pressure and 

m^c. 


CATALYST 

NO. 

PRECIPITANT 

REDUCTION 

CONDITIONS 

HYDROGENATION OF BENZENE (PER CENT) 

AT DIFFERENT CONTACT TIMES (C. T.) 

Hours 

r. •€. 

Per cent 

C. T. 

Per cent 

C. T. 

1 

NH 4 OH 

20 

200 

0 

150 

1 

290 

2 

NH 4 OH 

20 

225 1 

0 

110 

0 

260 

3 

NH 4 OH 

20 

225 

0 

130 

0 

240 

4 

KOH 

20 

225 

0 

160 

1 

440 

5 

(NH4),C0, 

90 

100 

0 

80 

2 

320 

6 

(NH4)jCO, 

20 

150 

0 

no 

2 

290 

7 

(NH4)2C0, 

20 

200 

0 

110 

0 

240 

8 

(NH4),C0. 

20 

225 

0 

130 

1 

340 

9 

H, 



0 

130 

0 

290 

10 

H, 



0 

150 

0 

310 


* Spectroscopic examination showed that these catalysts contained less than 
0.005 per cent of nickel, cobalt, iron, lead, or tin, and not more than 0.01 per cent 
of aluminum, chromium, calcium, or magnesium. The catalysts prepared from 
hydroxides and carbonates showed 99.70 =fc 0.05 per cent of copper by electrolysis, 
precautions being observed to avoid contact with air before and during weighing. 
Copper precipitated by hydrogen under pressure was 100.00 ±. 0.05 per cent pure 
by electrolysis. Catalyst No. 4 contained an undetermined amount of potassium. 

contact times of 240 to 440 sec. Preparations 5 and 6 were reduced at 
especially low temperatures (100® and 150®C., respectively) so as to guard 
against deactivation by heat. 

Pure copper catalysts (table 3, Nos. 9 to 10), obtained in the form of 
large microcrystals by the reduction of copper ions by hydrogen under 
pressure, did not hydrogenate benzene with contact times up to 310 sec. 

When clean glass beads were substituted for copper catalyst, the liquid 
product was unchanged benzene (with contact times of 100 to 300 sec.). 

Hydrogenation at superatmospheric pressure and S50®C. Copper pre- 
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pared from Kahlbaum copper oxide hydrogenated benzene quantitatively 
in a glass-lined bomb in 12 hr. at 350°C. under an initial hydrogen pressure 
of 100 kg. per square centimeter. 

Pure copper catalysts (table 3, Nos. 1 to 8) prepared from precipitated 
hydroxides and carbonates hydrogenated benzene under similar conditions 
to the extent of 70 to 97 per cent. 

Pure copper catalysts (table 3, Nos. 9 to 10) obtained by the reduction 
of copper ions under pressure did not hydrogenate benzene in 12 hr. at 
350®C. under an initial hydrogen pressure of 100 kg. per square centimeter. 

Blank runs with benzene in the absence of copper showed that the 
equipment was completely non-catalytic under the conditions of the 
experiment. 

Effect of temperature-time conditions of reduction of impure copper oxide 
upon hydrogenating activity of reduced catalyst. The study was made with 
granular (6- to 10-mesh) copper oxide (Kahlbaum-Schering, fur Analyse). 



Fia. 2. EFect of temperature and time conditions of reduction on catalytic activity 


The hydrogenating activity of this material was due to the presence of 
0.1 per cent of nickel. 

The oxide was reduced at different temperatures (150°, 200°, 225°, 300°, 
350°, and 400°C.) and for different lengths of time (20 to 120 hr.). The 
hydrogen rate was 2000 cc. per hour (measured at room temperature), at 
which rate the oxide would require about 10 hr. for reduction, assuming 
complete utilization of the hydrogen. The amount of water produced 
by the reduction of 66.8 g. of oxide was 14.90 g., as compared with the 
theoretical value of 16.12 g. for cupric oxide. The water was collected 
in two receivers, one empty and ice-cooled, the other filled with Anhydrone. 

The catalytic activity of the reduced catalyst was measured by its 
ability to hydrogenate benzene at 225°C. and ordinary pressure in a con- 
tact time of 90 sec. Figure 2 shows the effect of time and temperature of 
reduction upon catalytic activity. 

Pease and Purdum prepared their catalyst by reducing granular copper 
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oxide (source not given) in hydrogen for about 60 hr. at 150®C., followed 
by 50 hr. at 200®C., and finally several hours at 300®C. They offered no 
evidence that this schedule was the optimum. 

According to our experiments it is evident that low temperature of reduc- 
tion (e.g., 200®C. versus 400®C.) favors catalytic activity, and prolonged 
heating (120 hr.) in hydrogen at 200® and 225®C. has little, if any, detri- 
mental effect upon activity. On the other hand, continued heating in 
hydrogen at 300® and 350®C. lowers the activity decidedly, and at 400®C. 
the catalyst is deactivated almost as much by 20 hr. as by 120 hr. Twenty 
hours at 400®C. is more injurious than 120 hr. at 360®C. 

Up to the present we have been unable to detect the actual physical 
change in the catalytic surface that is caused by the temperature and 
that is responsible for the loss in activity (10, 5, 1). 

Effect of hydrogen raie. Activity also depends upon the hydrogen rate 
during reduction of the oxide. Increasing the hydrogen rate 3.5-fold 
decreased the activity by more than one-half. A 66.8-g. sample of Kahl- 
baum granular copper oxide was reduced at 225®C. (furnace block tem- 
perature) for 3 hr. in a hydrogen stream of 7000 cc. per hour (3.5 times the 
usual rate). The amount of water produced was 14.21 g., as compared 
with 14.90 g. for the usual reduction (225®C., 20 hr., 2000 cc. of hydrogen 
per hour). The reduced catalyst hydrogenated benzene 20 per cent, as 
compared with 47 per cent when the hydrogen rate during reduction of 
the oxide was 2000 cc. per hour. It might be expected that slow reduction 
with dilute hydrogen would be advantageous. However, slow reduction 
(67 hr, at 225®C.) with a mixture of 1 volume of hydrogen plus 3 volumes 
of nitrogen (combined gas rate, 2000 cc. per hour per 66.8 g. of cupric oxide) 
gave the same activity as reduction with hydrogen alone (2000 cc. per 
hour). 

Irreversibility of heat deactivation. In the preparation of catalysts for 
heterogeneous catalysis it is important that the temperature does not 
exceed a certain threshold value, else the catalytic activity is lowered. 
The effect is irreversible. Activity is not restored by lowering the tem<- 
perature. In some cases a catalyst can be reactivated by alternate oxida- 
tion and reduction, but it is not always easy, as is shown by the following 
examples. 

Kahlbaum copper oxide (66.8 g.) was reduced at 400®C. during 20 hr., 
14.16 g. of water being produced. The catalyst hydrogenated benzene 
18 per cent. The catalyst was then oxidized in a stream of air. The 
temperature was raised from 225® to 400®C. during 4 hr. and held at 
400®C. for 20 hr. The temperature was then lowered to 226®C, (in nitro- 
gen) and the catalyst was reduced at this temperature for 20 hr., 5.46 g. 
of water being produced. The resulting catalyst hydrogenated benzene 
^2 per cent. In other words, the effect of oxidation and subsequent reduc- 
tion was not decidedly beneficial. 
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An unsuccessful attempt was made to obtain a catalyst capable of 
hydrogenating benzene by alternate oxidation and reduction of copper 
oxide wire. This oxide wire showed a melted surface under the microscope. 
The copper oxide wire (Merck reagent grade) was reduced for 20 hr. in 
hydrogen at 225'’C. and oxidized for 20 hr. in air at 400‘’C. About 15 
per cent of the copper was oxidized in the oxidation step. Alternate oxida- 
tion and reduction was repeated six times. Care was taken that the 
temperature of the oxide was always lowered to 225“C. before the reduc- 
tion step was started. Benzene was not hydrogenated by this material. 
The final catalyst contained 99.6 per cent of copper. 

TempercUure instability of copper catalytic surface. Low temperature is 
an essential factor in obtaining an active catalyst by the reduction of 
copper oxide; for example, 225°C. is decidedly preferable to 400®C. An 
obvious explanation is that the exothermic heat of the reduction reaction 
plus the higher initial temperature level (400°C.) is sufficient to injure the 
catalytic surface. But exothermicity alone cannot account for the extreme 


TABLE 4 

Exolhermicily of copper oxide reduction at S£S°C. and at 400°C. 


RX ACTION 

CALOKIEB PER 
OBAM-MOLX 

AT 225*C. 

CALORIES PER 
GRAM-MOLX 

AT 400*C. 

CuO + H, - Cu + H 2 O 

-f23.1 

+23.4 

CU224*C, CUl088*C. 

-5.78 


CU400"C. CUi083*C. 


-4.61 


difference between the reduction temperature of 225‘’C. and that of 400'’C., 
especially in view of the finding of Pease and Taylor (14) that this reduc- 
tion is autocatalytic and localized at the copper-copper oxide interface. 
It is evident from the data presented in table 4 that the quantity of heat 
liberated at 225'’C. is able to raise the temperature of copper to its melting 
point. At both temperatures there is a great excess of heat available for 
the destruction of catalytic surface. 

Diminishing the intensity of the exothermal conditions during reduc- 
tion had no effect upon the activity of the catalyst. For example, reduc- 
tion of copper oxide at 400‘’C. with hydrogen diluted with 3 volumes of 
nitrogen, the combined gas rate being equal to the usual hydrogen rate 
(2000 cc. per hour per 66.8 g. of oxide), did not prevent destruction of the 
catalytic surface. Also, the same deactivation was obtained when an 
active catalyst (reduced at 225®C., activity 47 per cent) was heated for 10 
hr. in nitrogen at 400°C. Therefore the loss of activity is primarily due 
to changes wffiich take place in the temperature interval between 226“ 
and 400“C. 
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RelaMonship between physical elructure and catalytic activity 

The object was to correlate the catalytic activity of copper catalyst 
with its physical structure. The external surface was examined micro- 
scopically, and information as to the internal structure was obtained by 
the emanation method. 

Microscopic study. The sample of Kahlbaum granular copper oxide 
was a mixture of approximately 10 parts of dull granules and 1 part of 
granules with sparkling points. These two varieties were separated with 
the naked eye, and reduced and tested separately. They had the same 
activity, hydrogenating benzene 47 per cent at ordinary pressure and 
225®C. in 90 sec. contact time. But when the oxide granules were sepa- 
rated under the microscope on the basis of surface porosity and the two 
varieties were reduced and tested separately, it was found that the com- 
pact surface type had an activity of only 8 per cent, whereas the open-work 
surface type had an activity of 60 per cent. 

By more careful selection under the microscope it was possible to pick 
out granules with zero activity. On the other hand, from the commercial 
oxide there could be selected particles possessing an exceptionally porous 
surface; after reduction in hydrogen at 225®C., these particles hydrogenated 
benzene 90 per cent in 90 sec. contact time at 225®C. and atmospheric 
pressure. 

When the original copper oxide mixture was reduced in hydrogen at 
225®C., the reduced copper was a mixture of about equal parts of salmon- 
colored and reddish-brown particles. The salmon-colored particles 
possessed a compact burnished surface and their activity was 16 per cent. 
The reddish-brown particles possessed an open-work surface and their 
activity was 58 per cent. 

In general, microscopic study of reduced copper catalysts prepared 
under different conditions distinguishes three types of inactive surface and 
one type of active surface. 

Inactive surfaces. The first type is a smooth, compact, non-porous 
surface, without individual crystal faces. This surface (figure 3a) results 
from the high-temperature reduction of copper oxide, the crystal faces 
having melted together. 

The second type is similar to the first, in that it is a compact surface 
without crystal faces distinguishable under the microscope. It is made 
up of smooth round particles (figure 3b), the melting process not having 
proceeded as far as with the first type. There is also another inactive 
surface of this second type, which is porous. X-ray examination showed 
the structure to consist of dispersed agglomerates of copper. 

The third inactive surface is completely different from the other two. 
It is made Up of well-formed copper crystals which measure 0.06 mm, to 
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0.5 mill, ill l(Mijz;lh. This typ(‘ of surface* (fijijun* 3c) r(‘sults from flu* 
nuhiction of coj)])cr ions hy hydrogem imd(‘r jire'ssure*. 

Active surface. The* e*atalytically active surface* is a spemgy structure* 
e)f microcryslals with many fissures I)e*tw(‘e‘n tlu* indivielual crystals 
(figure* 4). Unele*!’ tlie* mie*re)se*e)pe it re‘se*ml)le‘s a leieise* pile* of ye*lle)w crystals. 






It l!inctiv(* surface.s 
I'k; I (\'itjilyti(*nll> ae*tiv<* surface 

Applicaiian of emanation method to dcUrmine relationship hetween surface 

and catalytic activity 

During re*e‘e'nt ye‘ars the* e*manation me'theiel has re*e*e4ve*el remeignitiem as 
a toeil feir the* nie*asure'ment eif the* .siirfaea* aira eif seilids. This iimtheiel 
e*e)iisists in ine-eirpeirating radium eir raeliothorium with the sedid b(*ing 
inve*stigate*el anel me‘asuring the rate* eif e*se*ai)e* eif e*manatie)ii. Kneiwing 
the rate eif e*se*ape‘ through the* inelivielual partie*le*s, it is jieissihle to cal- 
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culate the actual surface involved.^ The amount of radioactive vsub- 
stance was so small (10~® g. of radium per gram of copper) that it had no 
effect upon the catalytic activity of the copper, as shown by special 
experiments. 

Relationship between emanathig power, catalyst activity, and catalyst purity 

Basic copper carbonate, with and without chromium hydroxide, was 
precipitated in the presence of a known amount of a mixture of radium 
and radiothorium. Knowing the amount of radioactive material lost in 
the filtrate, the amount adsorbed by the precipitate was calculated. After 
the thorium X had come to equilibrium with the radiothorium, the rate 
of escape of thorium emanation was measured. The emanating power 
was calculated as the ratio of emanation emitted to emanation fornu^d 
during unit time. 


TABLE 5 

Effect of S.5 per cent of chromium oxide on emanating power 


PUBE COPPEK COPPER + 3.5 PER CENT OK CHROMIUM OXIDE 


T 

Electrometer 
diecharge,* ia 
divisions per 
minute 

Relative 

emanating 

power 

! 

r , 

i 

ElfHitrometer 
discharge, in j 
divisions per { 
minute j 

Relative 

emanating 

power 

•c. 



°C. 1 

i 


27 

0.32 

1.0 ! 

27 ! 

12.4 i 

38 8 

200 

1.72 

5.4 1 

200 i 

1 

13 3 

41 6 


* Average discharge per gram of copper over a period of 4 hr. ; a constant stream 
of hydrogen was passed over the catalyst sample during the measurements. 


One catalyst was prepared from a coprecipitate of basic copper carbonate 
and chromium hydroxide, the final catalyst containing 3.5 per c(‘nt of 
chromium oxide. The other catalyst contained no chromium oxide. 
Both catalysts were reduced for 20 hr. at 225®C. 

The preparation containing chromium oxide catalyzed the hydro- 
genation of benzene to the extent of 28 per c(mt at 225°C. and ordinary 
pressure in a contact time of 90 sec., whereas that fre(» of chromium oxide 
was unable to do so; the increased activity of the former was paralleled 
by its increased total surface as measured by its emanating power (table 5). 

RekUionship between emanating power and temperature 

Basie copper carbonate was precipitated from a solution containing 
radiothorium. The precipitate was dried, decomposed, and reduced 
for 20 hr. at 225°C. The catalyst was then heated, cooled, and heated 


This is to be discussed in a subsequent paper. 
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ai^, its emanating power being measured at the same time. It is 
evid^t from table 6 that the emanating power of this pure copper catalyst 
at 400®C. was only one-fourth as great in the second heating period as it 
was in the first. 

Although the decrease in hydrogenating activity at 400®C. caused by 
heating is apparently paralleled by loss in surface as measured by the 
emanating power, a direct comparison should not be made, (I) because a 
pure copper catalyst is inactive initially and ( 2 ) because a temperature of 
700"C. was necessary to get the above decrease in ^anating power. 

SUMUaRY 

1. The hydrogenating activities of several copper preparations have 
been correlated on the basis of chemical composition, conditions of reduc- 

TABLE 6 


Effect of temperature on ematuUing power of copper catalyet 
(Measured in stream of hydrogen) 


riKBT BBATIH a 

SBOOMO BBAllNa 

T 

Elaotrometer 
diMharg«f in 
dirisioni per 
minute 

ReUtive 

emnnatini 

power 

T 

Electrometer 
diaoberte, in 
divieione per 
minute 

Reletive 

power 

•c. 



•c 



25 

0.13 


26 1 

■am 

0.15 

225 

0.54 

4.2 



1.5 

325 


5.4 



5.6 

400 


6.5 




700 

0.68 

5.2 





tion, and physical structure, the latter being determined by microscopic 
examination and by the emanation method. 

2. The hydrogenating activity of copper is very dependent upon the 
presence of traces of impurities, especially of nickel. 

3. Copper prepared from copper oxide containing 0.1 per cent of nickel 
oxide readily catalyses the hydrogenation of benzene at 225°C. and 
ordinary pressures. 

4. Pure copper prepared from precipitated hydroxide or basic carbonate, 
and containing not less than 0.2 per cent of oxygen, readily catalyzes the 
hydrogenation of benzene at superatmospheric pressure but only slightly 
at atmospheric pressure. 

5. Pure copper obtained by the reduction of copper ions by hydrogen 
undo* pressure and consisting of large microcryst^ (0.05 to 0.5 mm.) 
does not catalyze the hydn^Eenation of benzene at atmospheric pressure 
or at superatmospheric pressure. 
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6. The pM'esenoe of 3.5 per cent of chromium oxide raiees the oatalytie 
activity of copper and increases its surface as measured by the emana^n 
meibod. 

7. The threshold temperature at which copper catalyst rapidly loses 
its hydrof^ting activity is 350-400^*0. 

The authors express their thanks to Dr. W. C. Pierce, of the University 
of Chicago, ^r the spectroscopic analyses and to Mr. W. J. Cerveny for 
much of the preparative and hydrogenation work. 
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Several studies (2) have been carried out in this laboratory on the degree 
of perfection and the aging of lead sulfate obtained by precipitation of 
lead nitrate with potassium sulfate or by reverse precipitation. In the 
present study the effect of various factors, such as the concentration of 
the reactants, the method of precipitation, the temperature during the 
precipitation, and the conditions of aging, upon the amount of copre- 
cipitated nitrate has been determined. Moreover, the effect of the 
heating of the air-dried precipitate upon the nitrate content of the pre- 
cipitate has been determined. 


experimental 

Determination of copredpUated nitrate 

The nitrate was reduced in alkaline medium with Devarda's alloy, and 
the ammonia was transferred to a wash bottle partly filled with dilute 
sulfuric acid. 

The reduction chamber consisted of a 76-ml. Pyrex distillation flask 
provided with an inlet tube for air. The sample was transferred to the 
reduction flask, 8 ml. of a saturated sodium hydroxide solution was added 
and enough water to make a volume of 20 ml. Four-tenths of a gram of 
Devarda’s alloy was then added, and a rubber stopper immediately 
inserted in the neck of the flask. Air washed through dilute acid and 
water was passed through the flask, and the ammonia was collected in a 
cylinder containing 40 ml. of 0.5 N sulfuric acid. The contents of the 
reduction chamber were heated gently for a few minutes at the beginning 
of the experiment. After 50 min. heat was again applied for a 10-min* 
interval to drive out the last traces of ammonia. The contents of the 

^ This article is based upon a thesis submitted by Roy A. Halversen to the Faculty 
of the Graduate School of the University of Minnesota in partial fulfillment of the 
re^iuirements for the degree of Master of Arts, June, 1938. 
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flask with 0.5 N sulfuric acid were transferred to a 250-xnl. Erienmeyer 
flask, the excess of acid was nearly neutralised with sodium hydroxide, 
and the ammonia was determined by the hsrpochlorite method of Kolthoff 
and Stenger (3). A blank determination was made under similar condi- 
tions, and the t^ount of ammonia found was subtracted from the amount 


TABLE 1 

Effect of concentration of reMtanUf method of precipitation, temperature, and conditions 
of aging upon copredpitatien of nitrate with lead stdfate 


axn. no. 

conoainnu- 

nONOVUIAD 
AKD OF 
ftOLFATB 

TaMFBBA- 
TUBJB OF 
PBBaPlTA- 
TION 

TBICPBBA- 

TUBB 

DCTBIKG 

AGING 

MBTBOD OF 
PBBCXPITATtON 

MXTBATB IN FBBCmTATB AFTSB 
AGING FOB 

1 min. 

Ihr. 

6 hr. 

94 hr. 


M 

•c. 

•c. 


ptr cent 

per cent 

per cent 

per eeni 

1 

0.4 

25 

25 

Direct 

0.61 

0.46 

0.33 

0.27 

2 

0.4 

25 


Direct 


0.35 


0.22 

3 

0.4 

25 

25 

Reverse 

0.41 

0.36 

0.35 


4 

0.1 

25 

25 

Direct 

0.64 

0.42 

0.29 

0.20 

5 

0.1 

25 


Direct 


0.40 


0.22 

6 

0.1 

25 

25 

Reverse 

0.22 

0.16 

0.16 


7 

0.1 


25 

Direct 

0.33 

0.31 

0.27 

0.26 

8 

0.1 

kSESI 


Direct 


0.28 


0.24 

9 

0.1(*) 

25 

?6 

Direct 

0.39 

0.37 

0.29 

0.19 

10 

0.1 <•) 

25 


Direct 


0.18 

0.06 

0.01 

11 

0.1 

25 

25<w 

Direct 


0.38 

0.25 

0.16 

12 

0.1 

25 


Direct 


0.12 

0.04 

0.01 

13 

0.1<«) 

25 

25 

Direct 

0.28 

0.31 

0.32 

0.30 

14 

0.1<«> 

25 


Direct 


0.34 


0.31 

15 


25 

25 

Reverse 

0.30 


0.26 


16 

0.1<«) 

25 

' 25W> 

Direct 




0.20 

17 

•0.1<*> 

25 

. 0OW> 

Direct 




0.05 

18 

0.025 

25 

25 

Direct 

0.55 

0.50 

0.44 

0.44 

19 

0.025 

25 


Direct 


0.43 


0.32 


0.025 

25 

25 

Reverse 

0.19 

0.16 

0.14 


21 

0.025<*> 

25 

25 

Direct 

0.53 


0.62 


22 

0.025 

25 

26<o 

Direct 



0.22 

0.14 

23 

0.025 

25 


Direct 




0.09' 


(a) Lead nitrate solution was 0.01 N in nitric acid; (b) supernatant liquid was 
made O.Or N in nitric acid; (c) lead nitrate and potassium sulfate in 15 per cent 
ethanol; (d) precipitate was filtered and aged in 0.1 N nitric acid; (e) lead nitrate 
solution was 0.5 N in potassium nitrate; (f) precipitate was filtered and aged in 
0«5 N nitric acid. 

foimd in the unknown. Working with 1 mg. of nitrate and subtracting 
the blank yielded results varying between 0.996 and 1.00 mg. in ten 
experiments. 

In thp determination of coprecipitated nitrate in lead sulfate it was not 
found necessaiy to decompose the precipitate first by bdOiing with sodium 
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carbonate solution; the same results were found by the above procedure 
as after boiling with the carbonate solution. 

Methods of precipitation 

Direct method (sulfate added to lead): (/) 0.4 M solutions: 2.447 ml. of 
0.4 M ]>otas8ium sulfate added to 2.567 ml, of 0.4 M lead nitrate. (£) 
0.1 M solutions: 9.79 ml. of 0.1 M potassium sulfate added to 10.27 ml. 
of 0.1 M lead nitrate. (S) 0.025 M solutions: 39.16 ml. of 0.025 M potas- 
sium sulfate added to 41.08 mi. of 0.025 M lead nitrate. The time of 
precipitation in all cases was 20 to 30 sec. The precipitations were 
carried out at room temperature in most cases, but at boiling temperature 
in some cases (see table 1). Several experiments have been carried out 

TABLE 2 
Direct precipitation 

Ten ml. of 0.1 M potassium sulfate was added to 10 ml. of 0.15, 0.3, or 0.5 M 

lead nitrate 


;ONCBNTRATION 
OF LBAD 
iriTRATB 

TBICPBRATURB 
OF PRBCXPI- 
TATION 

TBICPBRATURB ' 

1 miAAj JB AN rniiLirirArs Ar'isK AUJMU run 

OF AOIMO 

1 min. 

1 hr. 

6 hr. 

24 hr. 

M 

•c. 

•c. 

jMor cent 

percent 

per cent 

percent 

0.16 

26 

26 

0.43 

0.40 

0.37 

0.36 

0,16 

95 

25 

0.32 

0.25 

0.22 

0.21 

0.30 

26 

26 

0.34 

0.30 

0.30 

0.29 

0.30 

96 

26 

0.27 

0.26 

0.24 

0.23 

0.30 

26 

90* 




0.09 

0.60 

26 

25 

0.36 

0.34 

0.32 

0.34 

0.60 

95 

25 

0.32 

0.29 

0.26 

0.34 

0.60 

26 

25* 




0.11 


• Aged in 0.01 N nitric acid. 


in which 0.1 Af potassium sulfate was added to a large excess of a stronger 
lead nitrate solution (table 2). 

Method of reverse predpiUdion: The lead nitrate solution was added to 
the potassium sulfate solution. The ratio of lead to sulfate was the same 
as in the direct precipitations. For the determination of nitrate in the 
fresh precipitates the latter were filtered immediately and washed with 
six successive 5-ml. portions of conductivity water. After drying, weighed 
portions were transferred to the reduction flask. (The time required for 
filtration and washing was 5 to 6 min.) 

When the precipitates were aged they were placed with the supernatant 
liquid on a shaker (400 rotations per minute) at room temperature or 
digested at OO^C. Unless stated otherwise, the aging occurred in the 
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mpara&taQt liquids. After sging the imoipitates were washed, etc., 
as described above. 

The results are expressed in per cent of nitrate in the precipitates. 

Experimental resuUe 

■A ccmdensed sununary of a great number of experiments is given in 
table 1. In table 2 a few of the respite are reported in which the 0.1 
mobtr sulfate solution was added to a lai^ excess of lead nitrate. All the 
^gures reported are the average of at least three independent eiqwriments. 

, It was of interest to know whether all of the coprecipitated nitrate was 
occluded or if part was adsorbed on the active surface of the precipitate. 
It is to be expected that adsorbed lead nitrate would be easily removed 
upon treatment with a slight excess of sulfate. Upon addition of 9.79 ml. 
of 0.1 M potassium sulfate to 10 ml. of 0.1 M lead nitrate at room tempera- 
ture the fresh precipitate contained 0.64 per cent of coprecipitated nitrate. 
When 10.27 ml. of 0.1 Af sulfate was added to the nitrate solution instead 
of 9.79 ml. the fresh precipitate contained 0.40 per cent of coprecipitated 
nitrate. This amount of coprecipitated nitrate decreased very slowly 
upon aging at room temperature in the supernatant liquid (0.34 per cent 
after 24 hr.). These experiments would indicate that, in the presence of a 
slight excess of lead nitrate in the supernatant liquid, 0.64 — 0.40 =: 0.24 
per cent of the coprecipitated nitrate, or about 35 per cent of the total 
amount, is adsorbed on the active surface. This conclusion was sub- 
stantiated by the following experiments: Equivalent amounts of 0.1 M 
sulfate and lead nitrate were mixed (direct precipitation); the fresh pre- 
cipitate contained 0.69 per cent of coprecipitated nitrate. When 0.6-1 
ml. of 0.1 M potassium sulfate was added 16 sec. after the precipitation 
the amount of coprecipitated nitrate was 0.46 per cent, while this amount 
was equal to 0.64 per cent when a slight excess of lead was added after the 
precipitation. These experiments would indicate that about 30 per cent 
of the coprecipitated nitrate is adsorbed on the active surface. 

Thermal aging tn the dry state 

The progress of perfection and the change of the specific surface of fresh 
air-dried lead sulfate prepared from 0.1 Af solutions has been studied by 
Kolthofif and ROsenblum (2, e). In the following experiments 30 g. of a 
shnilar product was prepared; it was immediately washed four times with 
100-ml. portions of water, and air-dried. Samples of 300 mg. were placed 
in a furnace and heated for 24 hr. at 100°, 200°, 300°, 400°, and 500°C., 
respectively. After cooling, the samples were waidiud edx times with 5-ml. 
portions cS water. The nitrate contents of the collected washings and of 
the washed precipitate were determined. The original idr^lried 
product coqtained 0.71 per cent cd oopredidtated nitrate; after washing 
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six times with the 5>ml. portions of water 0.50 per cent of nitrate was 
found in the precipitate and 0.21 per cent (referred to the original pre- 
cipitate) in the combined washings. A second series of washings yielded 
only 0.03 per cent of the nitrate in the combined filtrates (30 ml.) ; a third 
washing 0.01 per cent. Apparently, in the first six washings mainly 
adsorbed nitrate is removed; upon further washing a trace of occluded 
nitrate enters the liquid as a result of recrystallization. The results of 
the heating experiments are given in table 3. 

DISCUSSION OF RESULTS AND CONCLUSIONS 

From table 1 it is evident that, when equimolecular solutions of lead 
nitrate and potassium sulfate with concentrations varying between 0.4 and 
0.025 M arc mixed at room temperature (direct precipitation), the amount 
of coprecipitated nitrate is of the same order of magnitude (0.5 to 0.6 
per cent). When the sulfate solution (0.1 M) is added to a large exc^ 


TABLE 3 

Nih-ate content of precipitate and first set of washings after heating for H hr. at 

lOO-m^C. 


TBMPBIIATtniB 
or BBATINO 

KITBATB IN WASHBO 
PBBCIPITATB 

NZTBAtB IN WASHINOB 
(PER CENT or 
PRBCIPITATB) 

TOTAL NITRATB IN^ 
HBATBD PRECXPIIATB 

•c. 

percent 

percent 

percent 

100 

0.50 

0.21 

0.71 

200 

0.60 

0.21 

0.71 

300 

0.50 

0.17 

0.67 

400 

0.31 

0.04 

0.35 

500 

1 

0.01 

0.0 

0.01 


of lead nitrate (0.15 to 0.5 M, table 2), the amount of coprecipitated 
nitrate is smaller (0.3 to 0.4 per cent). Upon direct precipitation of lead 
sulfate from 0.1 M sulfate and lead nitrate solutions prepared in 15 per 
cent ethanol, the amount of coprecipitated nitrate is smaller than when 
aqueous solutions are mixed. 

When the precipitate is formed at 95-100®C. the amount of coprecipi- 
tated nitrate is smaller than when the precipitate is formed at room 
temperature. Addition of a little nitric acid to the lead nitrate solution 
results in a decrease of the coprecipitated lead nitrate (experiments 9 and 
10 in table 1). Apparently part of the nitrate is coprecipitated as basic 
salt, and the coprecipitation of nitrate in this form is probably prevented 
by the acid. Addition of 0.5 M potassium nitrate to the 0.025 M lead 
nitrate solution had no effect upon the amount of coprecipitated nitrate 
(experiment 21, table 1). Evidently the nitrate is coprecipitated as lead 
nitrate and not in the form of potassium nitrate. 
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In agreement with the rules ctf copreciintation (1) it is found that by 
reverse precipitation less nitrate is obtained in the precipitate than by 
direct precipitation. 

Upon aging of the precipitate the amount of coprecipitated nitrate 
decreases. The speed of purification of the precipitate upon aging dep^uls 
upon the d^pree of perfection of the fresh precipitate and upon the solu- 
bility of the precipitate in the aging medium. The precipitates obtained 
from 0.025 M solutions (table 1) are more perfect than those obtained from 
more concentrated solutions; consequently the amount of coprecipitated 
nitrate in the former decreases much less upon aging at room temperature 
and at 90°C. than in the latter (compare, e.g., experiments 18 and 19 with 
experiments 1, 2, 4, and 5 in table 1). When the solubility of the lead 
sulfate in the aging medium is very small, as is the case in the experiments 
in table 2 when the aging medium contained a large excess of lead, very 
little purification (recrystallization) occurs on aging. The same is true 
for the precipitates prepared and aged in 15 per cent ethanol (experiments 
13 to 17, table 1). 

On the other hand, when the solubility of the precipitate in the aging 
medium is increased by the addition of nitric acid, a drastic perfection and 
purification occurs, particularly at OO^C., as is evidenced from experiments 
9, 10, 11, 12, 16, 17, 22, and 23 in table 1 and the last experiment in table 2. 
Even the fairly perfect precipitate obtained from 0.025 M solutions loses 
the greatest part of the coprecipitated nitrate upon aging in 0.5 AT nitric 
acid. From an analytical viewpoint it is of great interest that an impure 
precipitate obtained from 0.1 M solutions becomes free of nitrate when 
aged for 24 hr. at OO^C. in 0.01 N nitric acid. 

The precipitate formed by direct precipitation of 0.1 M solutions at 
room temperature contains about 30 per cent of the coprecipitated nitrate 
adsorbed on the active surface when the supernatant liquid contains an 
excess of lead. During the aging and perfection the active surface de- 
creases rapidly; the initial decrease of the amount of coprecipitated nitrate 
on aging is, therefore, mainly due to a decrease of the active surface. 
Lead nitrate when exposed to the air decomposes at 233*’C. It is evident 
from table 3 that occluded nitrate in lead sulfate does not decompose, and 
the adsorbed nitrate decomposes only very slightly at 300°C. After heat- 
ing for 24 hr. at 400°C. practically all of the adsorbed nitrate is decomposed 
and only a ranall fraction of the occluded nitrate. After heating for 24 
hr. at fiOO^C. all of the coprecipitated nitrate is decomposed. 

StnOKABT 

1. The effect of conditions of precipitation, of concentratum of the 
reactants (lead nitrate and potassium sulfate), and ag^ under varying 
conditions upon the coprecipitation oi niti’ate with lead ’sulfate has beim 
determined. 
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2. Of analytical interest is the fact that after aging for 24 hr. in dilute 
nitric acid at 90®C. practically all of the coprecipitated nitrate is eliminated 
from the precipitate. 

3. Evidence is given that about one-third of the nitrate coprecipitated 
with lead sulfate formed at room temperature by direct precipitation of 
0.1 M lead nitrate with 0.1 Af potassium sulfate is adsorbed on the active 
surface. This adsorbed nitrate decomposes when the precipitate is heated 
for 24 hr. at 400°C., while only a small fraction of the occluded nitrate 
decomposes at this temperature. At SOO^C. all of the occluded nitrate 
decomposes after 24 hr. of heating. 
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The present study relates to octahedral arsenious oxide free from traces 
of the monoclinic variety and free from arsenic in the pentavalent form. 
There are two familiar crystalline forms (monoclinic and octahedral), — a 
metastable y crystalline form reported by Smits and Beljaars (2, 11), and 
a glassy form which is supposedly the solid supercooled liquid. The 
octahedral form is the stable form at room temperature. Bussy (3) and 
Winkler (13) have shown that the glassy form when dissolved in water 
recrystallizes as the octahedral form. 

HOMOGENEITY OF CRYSTAL FORM 

Both octahedral and monoclinic crystals may appear needle-like. 
Broken and fragmentary crystals are apt to be confused visually when the 
particles are small. However, only the monoclinic form shows bire- 
fringence. The extinction of polarized light by the crystals when viewed 
with a petrographic microscope allows easy detection of the presence of 
the monoclinic form. 

PURIFICATION BY RECRYSTALLIZATION FROM HYDROCHLORIC ACID 

Hydrochloric acid is strongly adsorbed on crystals obtained by re- 
crystallization of arsenious oxide from hydrochloric acid. Kolthoff (7) 
recommends recrystaUization from water until the filtrate is no longer acid 
to dimethyl yellow. 

Results of gravimetric determinations of chloride made on several 
samples of arsenious oxide recrystallized from hydrochloric acid, according 
to directions by Anderson and Story (1), are given in table 1. The purest 
arsenious oxide, purified by taking central cuts of repeated sublimations, 
was used as a control in the gravimetric procedure. Chloride found in 
this blank (0.015 per cent, probably due to the reagents) was subtracted 
from the other determinations. The solutions of the arsenious oxide 
from hydrochloric acid had an approximate pH of 4. 

The adsorption of water by solid glassy arsenious oxide has been re- 

‘ Oleriosl and mechanical assistance of the Works Progress Administration is 
gratefully acknowledged (OP 455-08-3-147). 
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ported by Krtkger (8) and Winkler (13). In attempting analyses to 0.01 
per cent it was evident that even the purest octahedral form showed some 
tendency to ^idsorb moisture. Commercial c.f. arsenious oxide and 
octahedral arsenious oxide prepared according to the method of Anderson 
and Story were more hygroscopic than the purer materials. All samples 
were dried at 105-1 10®C. for at least 5 hr. and cooled in a desiccator before 
analysis. The purest resublimed arsenious oxide was taken as a standard. 
The iodimetric determinations of arsenious oxide given in the last column 
of table 1 showed that the principal impurity was chloride. 

MOLECULAR DISTILLATION 

A satisfactory apparatus for efficient purification by sublimation or 
molecular distillation must allow: (a) distillation in the absence of air; 
(6) removal of the first part of the sublimate to eliminate impurities 


TABLE 1 

Octahedral araenioita oxide recryetallieed from hydrochloric acid 


■Aiinii 

PRBPABATXON 

HCl 

(ORA VI- 
MRTRIC) 

AbsOx (xodxmbtrxc) 

1 

Method of Anderson and Story 

per cent 

0.0540 

percent 

1 99.940 ± 0.02 

2 

Method of Anderson and Story 

0.0620 

3 

Method of Anderson and Story ; washed eight 
times with boiling water 

0.0189 

99.978 ± 0.02 

4 

Commercial c.p 


99.785 dr 0.03 

5 

Purest sublimed (this investigation) 

0.0 

100.00 


boiling or subliming at low temperatures; and (c) separation of the subli- 
mate residue or high-temperature impurities. 

The molecular still shown in figure 1, made entirely of Pyrex glass, 
f ulfill ed these requirements. The outside tube, B,' was about 5 cm. in 
diameter and 30 cm. long, with a ground-glass joint. A, at the top. Neaf 
the top, just below the ground joint, there was a side tube, C, which was 
connected by heavy rubber tubing through a liquid-air trap to a merciuy 
vapor diffusion pump backed by a Nelson vacuum pump. The male part 
of the gfound joint was made as a removable condenser. It narrowed 
rapidly to a tute D, 2.5 cm. in diameter and flat at the lower end. This 
Mt a clearance of less than 1 cm. between the condenser and the side 
walls and of 4 cm. at the bottom. The incoming cooling water was led 
through a central tube, E, to the flat end surface on which the suUimate 
collected, and the cooling water outlet, H, was in the top of Hie condenser. 

The still was heated in an electric furnace, F, with a conical bottom 
and cylindrical side walls 15 cm. high. The bottom and side wall windings 
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of the furnace were connected in parallel, and the temperature was con- 
trolled with an outside rheostat. The ground joint, lightly greased at 
the upper edge only, was 16 cm. above the top of a conical asbestos shield, 
G, which was fitted tightly around the still at the top of the furnace. 
Liquid air, or a mixture of cracked ice and salt, was used in an inter- 
changeable low-temperature condenser, I, consisting of an open-mouth 
condenser tube supported by the ground joint and extending 10 cm. above 
it to protect it from the large temperature gradient. 

Temperatures in the furnace were measured by a mercury thermometer 
against the still at the bottom. The temperatures and temperature 



Fia. 1. Molecular still for sublimation of arsenious oxide 

gradients within the still were not measured, but the temperature control 
was flexible and reproducible. The pressure in the outlet line as measured 
by a McLeod gauge was about 10“‘ mm. of mercury. It was roughly 
estimated that, at 150° C. and at a pressure of 10~* mm. of mercury, 
the mean free path of vaporized arsenious oxide molecules is of the order 
of magnitude of the distance from the bottom of the still to the condenser. 

Ranoving the central condensing unit always shook part of the impure 
sublimate back into the material in the still, thus decreasing the efficiency 
of purification. This necessitated repeated sublimations of the impurities 
tiiat volatilized at a low temperature. 



did MBRLE RAIlDALti AND TH01CA8 0. DOODT 

Kahlbaum’s “Arsenige S&ure gliasig «ir Analyse” was ground to particles 
of 20 mesh or finer, and 30 to 40 g. of it wore put in the still. The still was 
evacuated, and the temperature was theb raised to 125°C. and hdd there 
for at least 2 hr. Pumping was continued throughout the sublimation 
process. Tlie temperature was then raised to and maintained at 2dO°C. 
for 3 to d hr., or imtil a good coating of sublimate was formed at the bottom 
of the condenser. As reported by Smits and Beljaars (11), the first 
material to sublime was a reddish solid. 

The furnace was lowered, the still allowed to cool to room temperature, 
the vacuum broken, the condenser unit taken out, and the red^h solid 
removed. The condenser unit was then replaced, the vacuum applied, and 
sublimation continued as before. With each repetition of the process 
the material collected on the condenser became lighter in color until it 
was pm-e white (four to six repetitions). Sublimate fractions were re- 
moved at least twice after the material collecting on the condenser had 
become pure white. 

The temperature of the sublimation was now raised to 235“C., where 
practically all the oxide formed in a cake on the end of the condenser in 
4 to 6 hr. The still was cooled, and the residue discarded. The cake was 
ground and resublimed three or four times, although there was no real 
impurity evident after the first sublimation. The arsenious oxide cake 
was a mixture of true and distorted octahedral crystals. It was \ised for 
the standardization of iodine solutions and for the preparation of octahedral 
crystals of true form. 

SUBLIMATION IN EVACUATED TUBES 

Welsh and Duschak (12) obtained octahedral cr}r8tals of true form by 
very slow sublimation of arsenious oxide in evacuated flasks. A flask 
containing the solid was set on a group of electric lamps, and a small 
crop of octahedral cr 3 r 8 tals was obtained in 1 month. We sought to 
increase the rate of formation by sublimation at a higher temperature. 
About 30 g. of the above pure arsenious oxide was put into a Psrrex tube, 
7 cm. in diameter and drawn down to a narrow neck to facilitate sealing. 
The tube was baked at 130”C. while it was evacuated with a mercury 
diffusion pump and sealed. 

Tlie half of the evacuated tube (E, figure 2) contuning the solid was 
plac^ in tibe electric furnace. A, at where it was centered by blocks 

of diatomaceous brick, B. The part of the tube outside the furnace was 
protected from furnace radiation by tiie tight-fitting asbestos shidd, 
C. This whole sinstem was put in an electiic oven. A ring of air jets, D, 
blowing onto the tube sharpened the temperature gradient between 
furnace uul ovei. 

Wiih the cool part oi the tube at room temperature tirue and disteted 
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octahedral crystals were obtained; at 100®C. the percentage of true 
octahedra in the mixture of crystals was increased; at 170-180“C. the 
first crystals appeared to be true octahedra. As the crop of crystals 
increased, the octahedra, from the furnace outward, were progressively 
transformed by hfeat from the furnace into needles, which were later 
found to be distorted octahedra or chains of small octahedra having 
a needle-like appearance. No birefringence was shown, so there were no 
monoclinic crystals. Jets of air blown directly onto the tube did not 
stop this change in form. 

Another evacuated tube containing arsenic trioxide was laid directly 
on the asbestos cover of the heating element (temperature = 125-1 30“C.) of 
a 100®C. electric oven. Sublimation was extremely slow, but a good crop 
of octahedral crystals was obtained in about 3 weeks. Here again the 





Fio. 2. Sublimation of arsenious oxide in sealed evacuated tube 

crystals on the sides of the tube nearer to the source of heat slowly became 
transformed into the needle-like octahedral forms. 

CBTSTALLIZATION FROM HOT WATER 

Chapin (4) purified arsenious oxide by discarding the first fractions 
crystallized from hot water. He considered his product very pure, but 
always found a slight darkening on resublimatiou. Following his direc- 
tions 160 g. of pure arsenious oxide which had been resublimed several 
times (above preparation) were made into a cream with a little water and 
added to 2 liters of boiling distilled water in a 3-liter boiling flask. The 
mixture was boiled for about IJ hr. or until the volume was reduced to 
1600 ml., and allowed to. settle for a few minutes. The solution was then 
filtered through a cotton plug filter and cooled in cracked ice. The 
(nyrstals were pure octahedra. Antimony was found to be absent. 

It seemed certain that some of the pentavalent form would be formed 
by air oxidation in Chapin’s procedure, so all operations were done under 
nitrogen. The water was first boiled while nitrogen was bubbled through 
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to remove diasolTed oxygen. A strong stream oS nitrogen was passed 
tiuougih l^e solution during the long boiling period, and the solution was 
iN»red and transferred to tiie nitrogen-BUed crystalHnng Saak by means 
oi a pressure of nitrog^. 

About 40 g. of these octahedral crystals were sid>lim^ in themolecular 
still at 235*^. All arsenious oxide was sublimed out of the mixture by 
repeated sublimation. The residue, which was mostly organic mattor 
(probably from the rubber stoppers and tubing used in handling the large 
quantities of boiling solutions in an atmosphere of nitrogen), was bulky 
l^t light and weighed 0.0129 g. It was analysed and showed 0.855 per 
cent of the residue to be arsenic pentozide, i.e., 0.000275 per c^t of the 
octahedral crystals was arsenic pentoxide. 

This amotmt of impurity seems of no consequence; however, evmi this 
trace of arsenic pentoxide introduces an appreciable error in tiie pH of 
saturated solutione of arsenic trioxide. 

SIKOLE OCTAHEDBAL (gLASST) CRYSTALS 

About 15 g. of octahedral crystals from the recrystallisation from hot 
water were put in a tube 2 cm. in diameter and 15 cm. long. This was 
wdl evacuated and sealed. It was put in the center of a tubular electric 
tube fiurnace 2.5 cm. by 45 <xn., with the ends closed, and heated to 195- 
200'’C. (m.p., 272.1'’C.(2)) for 3 days, and then allowed to cool. 

All the arsenious oxide had distilled to one end of the tube, where the 
furnace must have been slightly cooler, and had formed a solid mass of 
perfectly clear glassy material, although no formation of glass had been 
expected at this temperature. The glass when broken showed planes of 
fracture identical with those of octahedral crystals, and had the same 
index of refraction as the octahedral form. The clear glass was evidmtly 
a single crjrstal of octahedral arsenious oxide. 

CRYSTAL FORMS FROM THE MOLECULAR STILL 

Tinted crystale 

The first lots of octahedral crystals formed by resublimation of the 
product frmn the hot water crystalliMition had a purple tint, and a sooty 
residue was left in the still. Sublimation at a low temperature, 220*C., 
first sqMuated a sooty deposit tm. tiie condenser. This low-tonperature 
treatment was repeated until tiie (teposit on tiie ctmitouear was no kmgnr 
dark. Hie bulk of the matmitd was tiien sublimed, reqidring 8 to 12 
hr. at 220”C., and the sooty reodue was removed. This jnoeesB was 
repeated until two successive stddimations showed no dadk, low-tempera* 
tore volatile matter and no sooty residue. TUs puiifiwttion required 
from four to mx miMimations, but ^ {Hue ciysti!^ had,ao color. 
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Planar structure of the octahedral form 

With a poor vacuum in th(‘ inohicular still and th(' furnace at 220°C. 
sublimation was extraordinarily slow. At the* (md of 6 hr. only a few 
short needle-lik(» crystals and a few plates about 1 cm. on a side had grown 
from the condenser into s])ace. The crystal angles and ind(‘x of refraction 
of the plates wen* those of octahedral arsenious oxide. The* small 
octahedra had grown face-on-face, forming a planar structure. 

N eedleAike octahedral crystals 

A needl(*-like crystal of octahedral arsenious oxide was first d(\scril)ed 
by Ga(*nge (6), who cast doubt on the formation of the needl(‘-lik(‘ mono- 
clinic crystals pn^pared by D(*bray (5) and previous inv(*stigators. 

The ne(‘dle-like crystals j)roduced in tlie slow heating of well-formed 
octah<*dral crystals, or in the mixture of crystals formed in too rapid 
sublimation (probably also du(* to overheating), wen* of two tyi)t*s. One 
n(‘<*dle-like form was made up of chains of small octahedra, as describe*d by 
Gaeng(*. The corn(‘rs of th(^ octah(*dra were rounded (figure 3a), showing 
an (*vident soft(*ning of the crystal. The oth(*r form of crystal (figure 3b) 
is compos(*d of octah(‘dra so distorted in form that tlu*y are needle-like. 
The crystals show four-sided peaks, and a tendency to be octahedral with 
the plane fac(*s warped to form long figures. X(*ither of tin* needle-like 
forms of octah(*dral crystals shows the birefringence* of the monoclinic 
form. Both indicate a soft(*ning of the crystal to a s(*mifluid state, which 
was i)roduced at temperatures as low as 130°C. ovt*r a long heating period. 
Masses of the* nc*edle-like octahedral crystals 3 to 4 cm. in length were 
pr()duc(*d in the molecular still at 260°C. with a nitrog(*n pre.ssun* of 10 
cm., which cut down the mean free* path of the ars(*nious oxide molecules 
so that then* was no .sublimation to the* condenser. 

The .soft(*ning of octahedral cry.stals was ob.served by Welsh and Duschak 
(12) at 254°(\ They thouglit that this was the melting point of the 
octah(*dral form. 

The* ob.st*rvation of the* gla.s.sy octahedral ma.sses which we have made, 
and the interpretation of the* distorted microscopic octahedra as an inter- 
mediate* form b(*tween the definitely octahedral and the glassy octahedral 
form, permit of a n(*w interpretation of the \^apor pressure data of Smits 
and Beljaars (11), W(*lsh and Duschak (12), Rushton and Daniels (10), 
and Niederschulte (9). All reported vapor pressure determinations show 
liquid arsenious oxide, for which the log P versus l/T plot was a straight- 
line* continuation of the vapor pressure curve e)f the octahedral form. 
This must be interpreted as showing no h(*at of transition between the 
crystalline octahedral arsenious oxide and the viscous liquid form. We 
propose that previous inv(\stigators observed a form which we may call 
‘'octahedral liquid’' arsenious oxide. B(*ljaars (2) observed a vapor 
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pressure of liquid arsenious oxide which gave a straight-line log P versus 
l/T curve intersecting the octahedral curve at 272.1®C. (melting point) 



Fig. 3. (a) Distorted softened needle-like chain of octahedral crystals of arseni- 
ous oxide, (b) Distorted needle-like octahedral crystals of arsenious oxide. (Mag- 
nification X 80.) 


at 0.0344 atm. and corresponding to a heat of transition of 15,099 cal. 
per mole. He also observed a unidirectional transition, as indicated by 
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a log P versw 1/T curve, of the “octahedral liquid" into ordinary liquid; 
this transition became complete on superheating to about 300*0., depend- 
ing on the time allowed. 


True octahedral crystals 

The operating conditions of the molecular still were studied to produce 
well-formed octahedral crystals. The results are summarized in table 2. 

TABLE 2 


Operating eonditione of the molecular still 


TSMFBBATURa 





PBBMUBB 

CBTSTALB 

Furuftoe 

Condenaer 

•c. 

•c. 



235 

20 

Good vacuum 

Octahedra; distorted octahedra where mate- 




rial on condenser had grown toward side 
wail of still 

235 

-15 

Good vacuum 

Octahedra; distorted octahedra where mate- 


1 


rial on condenser had grown toward side 
wail of still 

235\ 

230/ 

260 

-190\ 

-190J 

-190 

Good vacuum 

Good vacuum 

iMore distorted octahedra; few monoclinic in 

1 first layer of sublimate on condenser 

300 

20 

Good vacuum 


330 

20 

Good vacuum 

True well-formed octahedra 

380 

20 

Good vacuum 

(Distorted octahedra, glassy shards, produced 




on prolonged heating) 

230 

20 

Poor vacuum 

Small sublimate of a few needles and plates 


i 


of octahedra 

260 

20 

0.13 atm. of ni- 

No sublimate; needles and distorted octa- 



trogen 

hedra; few monoclinic in fused material on 
still wall 


Operation of the still at 300*0. with a water-cooled condenser gave 
ciystals of true octahedra, some of which were as large as 3 mm. on a side, 
and 30 to 40 g. of atsenious oxide were sublimed in 3 or 4 hr. Bapid and 
efficient sublimation, with no long heating period to allow the transition 
into a semi-gd^is^ form, gave true well-formed octahedra in each case. 

A few monoclinic crystals were always found in the partially fused mate- 
rial collecting on the still walls at temperatures of 260*C. or above. If the 
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sublimate was collected on the condenser cooled by liquid air, a few 
monoefinic crystals were always found in the first layer of sublimate. 

8X7MMABT 

Arsadous oxide recrystallized from hydrochloric add could not be 
washed free from chloride. 

Becrystailization of arsenious oxide from boiling water produced traces 
of the arsenic oxide. 

Itie vacuum molecular still described gave very effident piuification of 
ars^uous oxide by sublimation. 

Conditions in the operation of the molecular still were found which 
gave a sublimate of true well-formed octahedral crystals. 

Arsenious oxide crystals of needle-like appearance which do not show 
the birefringence of the monoclinic form were prepared. They were 
composed of chains and distorted octahedra indicating partial fusion. 
This form is believed to be closely related to an “octahedral liquid" 
derivable from the octahedral form with a small heat of transition. 

We wish to express oim thanks for the assistance, of Professors A. Pabst 
and C. A. Anderson of the Department of Geology, University of California 
(at Berkeley), in the identification of the crystal forms. 
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Numerous investigators have noticed that the pattern in which salts 
crystallise from solution is influenced by the presence of impurities. 
Ord (13) noted this effect particularly in connection with the growth of 
concretions in the body. Marriage (11) showed that adulterants in com- 
merdal jams and jellies could be detected by the size and arrangement of 
lead iodide crystals grown in them. Alexander (5) speaks of the effect 
of traces of foreign matter on the tensile strength of metals, and repeatedly 
mentions (1, 2, 3, 4, 6, 7) the effects of colloids on crystallization, du Noiiy 
(9) found that a trace of adsorbable matter influenced the crystallization 
of sodium chloride, and that normal serum gave different results from 
immune sera (10). Michaud (12) has described some amusing results 
in the production of crystalline arborescences with urea in the presence of 
various colloids. 

Except for the work of Marriage, Michaud, and possibly that of du 
NoOy, there is little in these references to indicate that a given colloid 
may produce a characteristic effect. Pfeiffer (14, 15, 16) found that cupric 
chloride crystals formed characteristic patterns if they crystallized from 
solutions that contained extracts of living tissues. This work has been 
criticized because it starts with a full-fledged hypothesis which is by no 
means confirmed by his experimental work. Trumpp and Rascher (17) 
have applied Pfeiffer’s methods in an attempt to determine the presence 
of specific hormones in urine as a possible method for the diagnosis of 
pr^paancy. Their success was about the same with this as with other 
methods based on the detection of hormones. 

The present paper is an attempt to clarify some of Pfeiffer’s work and 
to extend it. 'The methods are, in general, modifications of Keiffer’s. 

METHODS 

The crystallization dishes are circular glass plates, each provided with 
a rim of Pyralin 10 cm. in diameter. 'The rim is applied by wrapping a 
strip of Pyralin 12i in. x | in. x 0.016 in. around a petri dish, gluing it to 
the carefully cleaned glass plate with a 10 per cent solution of Pyralin in 
acetone, and removing the petri dish. 
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A stock solution of cupric chloride is preparal by dissolving 250 g. of 
the aidt in water and diluting to 1 liter. This is boiled with activated 
charcoal and filtered; if a faint turbidity due to cupric hydroxide appears, 
a very little hydrochloric acid is added. 

For erystallixation 2 cc. of the stock solution is {fiaoed in a test tube, 
the solution to be tested is added, and the volume is brought to 8 cc. 
with distilled water. The solution is mixed thoroughly by pomring it back 
and forth from one test tube to another; it is then poured into one of the 
orystalliring dishes on a level table and allowed to evapmate ^>on- 
taneously. 

It is important that the temperature be constant (27-80”C.) during 
evaporation, that the air be entirely free from draughts, and that the 
relative humidity be below 60 per cent. These conditions have been 
obtuned by the use of an entirely endosed and insulated cabinet 4 ft. x 
4 ft. X 5 ft. or largOT, with the temperature thermostatically controUed 
and with trays of crude calcium chloride present to absorb water. Satis- 
factory results have never been achieved in a space smaller than that men- 
tioned, or in a room with windows in it. Evaporation may take from 
8 to 14 hr. 

Und^ tiieee ccmditions, when the cupric chloride solution alone is used 
a “blank” plate results, viz., irregular heaps of crystals scattered over the 
plate, often leaving patches of clear glass (see figure 10). 

BESULTS 

The solutions tested may be grouped into three classificatiims: (a) Those 
which have no influence, or practically none, on the crystalluation of the 
cupric chloride. These include inorganic salts, simple sugars, glycine, and 
oth» substances of low molecular weight. (5) Those which produce a 
pattern characteristic of the substance used. Outstanding members of 
this class so far studied have been solutions of starch and ^cogen, and 
extracts of the coreal grains, (c) Those which gdve a pattern with cupric 
chloride, but (me which is non-speciflc. In this clam have bem most 
ci the proteins studied, and some seed extracts; also cereal extracts that 
have autolysed. 

Most of the work so far has been done on the cmreal grains. Ihe extracts 
are made by grinding the grain eith^ in a matt chopper or a mortar, then 
extiacting with cold water, and filtering. The amount of water for extrac- 
tion and the activity of the extract vary with the kind and grade of grain. 
Pfdffer (dlows the grains to germinate for a few days before extraotum. 
Hus does not affect the results appreciidfly. 

figure 1 shows the results witit 0.2 cc. of an extract frcan oats, whioh was 
prepai;ed with 5 parte of water and filtered or centrifuged, flgm^ 
shows the results with 0.2 cc. of an extract from whrat, pr^red witii 
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3 parts of water. Figures 5 shows thi* results with 0.2 ee. of an extract 
from maize,* prepared with 2 parts of water. The differenees between 



Figs. 1-4 

Fig. 1, Effect of extract from oats 
Fig. 2. Effect of extract from oats (X 28) 

Fi(5. 3. Effect of extract from wheat 
Fig. 1. Effect of extract from wheat (X 28) 

these are shown more strikingly by the photomicrographs in figures 2, 4, 
and 6. 

’ Golden Bantam sweet corn. 
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Figure 7 shows the results when a solution containing 40 mg. of glycogen 
was used. Figure 8 shows the results when a solution containing a solu- 



Fi<3s. 5-9 

Fi(3. 5. P]ffect of extract from maize 
Fig. 6. Effect of extract from maize (X 28) 

Fig. 7. Effect of glycogen 
Fig. 8. Effect of starch 
Fig. 9. Effect of glucose 

tion of wheat starch was used. There is no apparent differenci* in the 
patterns produced by starches from the different grains. Figure 9 shows 
the results with solutions containing 10 mg. and 1 mg. of glucose. 
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Figures 10 shows typical lilanks. 

Fip;iir(» 11 shows th(* cffc'ct upon an extract from maize of the* room in 
winch lh(‘ solutions evajioratc'd. Figure 1 la was obtained by evaporating 
1h(‘ solution in an entirely enclosed room (a respiration chamber), and 
111) was obtaiiK'd at the same tinu* with th(‘ saiiK^ solution in an op(‘n room. 

Figure 12 shows a typical non-specific pattern, obtaiiKTl with h(‘molyz('d 
blood. 

(CONCENTRATION OF AN ACTIVE FRACTION 

The word ^^activ(*” will be us(‘d .subs(‘qu('ntly to d(‘scribe th(‘ ability of 
an (‘xtract to jiroduce a characteristic crystal ])att(m with cnjiric chloride. 



Fic. 10. “blank” 

Ki(i. II. Effect of the room, (a) Evaporation in a respiration ehaniber; 
(h) evaporation in an open room 
Fid. 12 N on -specific 


It has b(Hm found that tlu‘ piusemce of (»nough protein in an (‘xtract 
producevs only the non-specific pattern, and ihat if protean is addeal to an 
active preparation the non-specific pattern may overlay the character- 
istic one. An attemijit has be^en made there^fore' to isolate^ an active 
fraction from oats, in the hope that methods could be deneloped that 
WTiuld b(' appli(‘able to protein-containing solutions, with w hich so far the* 
pattern has beem non-specific. 

Certain clues as to the nature of the active substance are giveai by the 
be'havior of the extract. If it is kept at room temperature for 24 hr., the 
activity derre^ases, that is, the characteristic pattern give's place to the 
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non-specific one. This happens even in the presence of toluene, but does 
not occur if the fresh extract has been heated to 100®C. for 10 min. There 
is no loss of activity as a result of the heating. It is significant that the 
activity is entirely destroyed when the extract is incubated with ‘Vlarase'' 
(a diastase) at 40®C. for 2 hr. Similar treatment with trypsin does not 
affect the activity. The activity is not lost on dialysis in a collodion sac. 

A highly active preparation has been obtained by the following method: 
Oats are extracted with 5 parts of water, and the extract is evaporated at 
atmospheric pressure to about one-fifth of its volume. There is no loss 
of activity during this process. The precipitate of denatured protein is 
filtered off, and leaves a clear, straw-colored solution. This is saturated 
with ammonium sulfate, and the precipitate which appears is separated 
in the centrifuge or by filtration with suction, and is washcnl with saturated 
ammonium sulfate solution. The filtrate, wh('n freed of ammonium 
sulfate by dialysis, is entirely inactive. The precipitate is taken up in a 
little hot water, and dialyzed to remove ammonium sulfate. A little ma- 
terial remains undissolved and may be removc'd in the centrifuge. Tlu* 
supernatant solution is poured into 5 volumes of 95 p(T cent al(*ohol, and 
the white precipitate produced is filtered off, washed first with 80 pcT 
cent, and then with 95 per (;ent alcohol, and is finally dried in a vacuum 
desiccator. 

On one occasion 0.417 g. of this material was obtained from 125 g. 
of oats; 0.5 mg. of it gave the characteristic pattern with cupric chlorides 
Analysis (8) showed that the preparation contained 80 per cent of polysac- 
charide (calculated as CeHioOs). The material contained sulfur, sinc(» 
when it was boiled with strong potassium hydroxide and subsequ(»ntly 
acidified, a strong odor of hydrogen sulfide was produced. It gave a faint 
purple color when the biuret test was applied, and gave no coloration 
with iodine. 

A rough assay of the activity of a preparation or extract is possil)l(\ 
For example, in one case 0.1-, 0.2-, 0.3-, and 0.4-cc. portions of an extract 
were used. The plate prepared with 0.1 cc. showed almost no recognizabk' 
pattern; those with 0.2- and 0.3-ec. portions show(‘d a very faint but 
characteristic pattern; and the plate prepared with 0.5 cc. gave a clear 
strong pattern. 


DISCUSSION 

An hypothesis as to the cause of this phenomenon would be premature. 
Pfeiffer^s speculations with respect to formative forces are not worthy of 
consideration on the basis of the experimental facts, however interesting 
they may be from a philosophical point of view. It is possible that vari- 
ations in the surface tension may affect the crystallization, but the map- 
ping out of surface tension lines into a coordinated patttern would still 
have to be explained. 
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Two other pbeDomena in nature are reminiscent of this one: the arrange- 
ment of iron filings in a magnetic field, and the figures of Chladni, caused 
by sound waves. 


SUlfMARY 

Certain colloidal solutions have been found to exercise specific effects 
on the crystallization patterns produced by evaporation of aqueous solu- 
tions of cupric chloride under controlled conditions. In the case of oat 
extracts, the effect seems to be due to a polysaccharide. 

An active fraction which gives the characteristic pattern has been 
isolated from oats. 

We are indebted to Dr. H. B. Vickery, of the Connecticut Agricultural 
Experiment Station, for his criticism and advice; to Drs. H. E. Himwich 
and R. C. Dodge, of the Yale University School of Medicine, for the 
facilities they have provided; and to Dr. C. U. Linder and Mr. C. G. 
Morris for financial aid. 
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An outstanding characteristic of dispersed colloidal particles is that they 
tend to remain permanently dispersed. This tendency may be weakened, 
in practice, by continuous or discontinuous physical and chemical changes 
to the extent that the particles exhibit a more or less rapid sedimentation. 
Obviously, there will be a degree of stability extending from the infinitely 
stable sol to the extremely unstable one. This concept merely requires 
that, at some time during their existence, the sol particles possess a size 
that is in the colloidal range (11). Though it would at first appear that 
a ph 3 rsical stratification in sol systems would indicate a more or less measur- 
able rate of precipitation, the broad concept noted above can be made to 
include stable systems which exhibit stratification in size or density. 

Various workers have reported periodic sedimentation structures in 
gaseous and fluid media. Michalev (5), for example, found that boiled 
Al(OH)a powder gives rise to periodic structures upon sedimentation in 
water. In fact, finely divided precipitates, especially of a gelatinous or 
semigelatinous character, will often exhibit stratification during gradual 
settling, without any special precautions being taken as to temperature or 
vibration. Alumina hydrosols, prepared from aluminum-copper couples, 
appear to be an example of a stable stratified sol system (6, 7). 

The hydrosols were merely poured into settling tubes and allowed to 
stand undisturbed in a room where temperature changes were quite small. 
No effort was made to prevent the slight vibrations which normally exist 
in the average building, nor were the settling tubes shielded other than by 
placing them in a covered box. This indicates that stratification is often 
a specific property of the hydrosol, dependent primarily upon its past 
histmy and secondarily upon its environment (7). 

BATE or STRAXmCATION AND PARTICLE SIZE 

Figure 1 porfan^rs graphically the stratification data obtained on a 
typical alumina bydrosol prepared from an alcohol-activated, aluminum- 
copper couple (7). This sol contained 0.22 g. of aluminum oxide per liter. 
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Before the 2SOO-hr. period no stratification was apparent, and it is con- 
duded that a kinetic adjustment of particle sises was taking place. A 
fiurly uniform aone settling velocity was exhibited dming the 3000- to 
3600-hr. period. After this the zone boundary gradually assumed a more 
OT less permanent position, and an apparent equQibrium stratifioation 
resulted. 

At the beginning of stratification each zone or cage may be considered 
to have a “reversed’' screen for a bottom, that is, particles larger than a 
certain optimum size can pass through the boundary screen, but the 
smaller, optimum-sized particles are effectively held in the cage. After 
a uniform settling velocity for each boundary has been reached, each cage 
may be postulated to contain particles of only one size, that is, fmrticles 
of an avenge, optimum size. The cages finally slow down and eventually 



TIMC m HOURS 

Fta. 1. Stratification in alnmina hydrosols 


reach “bottom”, bottom being the equilibrium stratification level of each 
zone. 

If tins argument is accepted, Stokes’ law (4, 10) 




9nh 

2gt(di - di) 


( 1 ) 


may be applied to each cage, since each particle therein is of the same 
avo-age size and will fall at approximately the same rate. In equation 1, 
r is the radius of a single (spherical) particle, n is the viscosity of the 
medium, h/t is the limiting velocity of fall, g is the gravity constant, and 
di and dt are the densities of the particles and d tile mediom, respectively. 
Table 1 summarizes some calculations based (m equation 1, taking di as 
d| as 1.0, n as 0.01, g as 980, and considmdng the double e^ce C as a 
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mngle unit.‘ It will be noted that we have arbitrarily chosen to consider 
only three zones or cages during the present discussion. These are unique 
in that zone B starts at the height where zone A has reached its equilibrium 
value, and that zone C begins at the point where zone B leaves off. The 
few values given in table 1 serve merely as an example. 

We note that the lower cages have a higher h/l value, which is to be 
expected if they are “heavier”, i.e., filled with larger particles.* Further- 
more, the particle size is about what would be expected for stable sols.* 
Primary colloid particles are stated to have particle sizes ranging from 
2 to 20 m/i, and secondary colloid particles from 5 to 100 mu (1). Burton 
has pointed out that silver particles (spherical) with a radius of 10 m/< 
Settle at the rate of 2 X 10“* cm. per second or 1 cm. in about 28 days (2), 
which is to be compared with a rate of 1.4 cm. in about 20 days for the 
alumina particles under consideration. 


TABLE 1 

PartieU tite from $lratific€Uion data 


CAQB 

1 

raoM THB troKss EQVAnon 

FROM TUB STOKBS-BimTUir 
BQ17AT10N 

Aper500 

hr. 

r 

Overall value of r 


cm. 

cm* 

m/I* 

cm. 

m/I* 

A 

1.4 

4.2 X \Qr^ 

40 



B 

s.o 

6.2 

60 

2.6 X 10“^ 

30 

C 

4.0 

7.1 

70 




*Approximate. 


Einstein (3) has shown that if the time required by a particle to move 
from an initial to a final position be t, the mean value of the square of the 
displacement parallel to any direction of a spherical particle of radius r 
wUlbe 


D* 


tRT 

ZimrN 


( 2 ) 


‘ The Handbook of Chemistry and Phyoics (The Chemical Rubber Co.) gives the 
densities of some aluminum oxides as follows: corundum (AlsOt), 4.0; aluminum 
oxide (Al«Oi),8.5-^.9; diaspora (AliOt HsO), 3.4; gibbsite (AliOa'SHiO), 2.4. The 
sol particles in the present case are almost certainly hydrated to some extent. 

* Since no consideration is given to the number of particles in a given cage, 
^'lieavier*’ is in the sense of weight per particle, not the total weight of the cage, 
i^ctually, the weight of the individual particles determines the rate of fall. 

* It is of interest to note that colloidal copper prepared from an aluminum- 
copper couple was ultramicroscopically found to have an average particle sise 
of 0.8 micron. Such particles settle quite rapidly (6). 
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wbere AT is the Avogadto number, R and T have thdr usual si|pufieanoe, 
and the r^naining iqrmbols are as before. Should the random l^fownian 
movemoit responails^ for the cUsplacement D in equation 2 be ctf such a 
magnitude as to neutaralue the gravitational effect, the particles will 
obviously cease to settle. In such an event we can say that the Brownian 
displaoem^t is equal to the gravitational fall. Tlius, we equate the D of 
equation 2 against the h of equation 1 and obtain 


27nRT 

irt^Nidi - d,)» 


(3) 


with the symbols as already defined. Solving this equation for the radius, 
with the values as for equation 1, except that, in addition, R ^ X 10^, 
T » SOO, and AT » 6 X 10”, we obtain the values given in the last two 
columns of table 1. These values, it will be seen, are in excellent agree- 
ment with the radii recorded in the preceding columns.* 

Several other interesting and instructive calculations are likewise 
possible by the use of the stratification data obtained with alumina (and 
other) hydrosols of this type. With the limited data at hand, it will suffice 
to indicate luiefly several such possibilities; one can readUy extend specific 
calculations along the lines indicated. 

Perrin (9) has applied the gas laws to colloidal suspensions to calculate 
AT,' l^e Avogadro number, employing the well-known equation 


, *0 _ 4itr*glN(.di - d*) 

X 6.9Br 


(4) 


wherein xo and x denote the number of particles per unit volume at each 
of two planes, I units apart, with the remaining symbols designating units 
previously <lefined. Employing the radii calculated from the Stokes 
equation and the equilibrium sone-bei^t, with other values as before, 
one is in a position to calculate l^e ratio xo/x, i.e., the ratio of the number 
of particles at the top of a sone to the number of particles at the bottom 
of the same sone. Since the xo/x ratio may be considered proportional 
to the number of particles in the sone under consideration, certain plausible 
assumptions based on expansions or progressions should lead to values for 
the total wm^t of material in the susp^ision.* 

Sven Odfo (8) has summarised some equations for distribution of ^ 


* If the Einstein equation is solved directly for r, with values of D (•■&) and ( as 
previously given, we obtdn a radius one-tenth the value idven above. It is apparmt 
that the Einstein equation is not very accurate, SlBce r vuies as D*; furthermore, 
a value of r calculated by the ISnstein equation alone reiweMHifia a linuti^ vdiue, 
i.e., a value smaller than that obtained by any sedimentation data. 

* It should ,be noted that Perrin, in Us calculations irf tf, used pptieles about 
IHma in diameter, i.e., some ten times larger than those coniidered h^. 
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and weight which may be applicable to the present case. We make the 
assumption that' the rate of stratification is proportional to a given rate 
of sedimentation. Thus we calculate, for each individual zone, the per- 
centage stratification (“sedimentation”) at various time intervals, as given 
in table 2. It will be noted that the percentage order, i.e., percentage 
variaticm from A to B to C, is nearly perfect. 

A plot of the percentage stratification values for each zone verms time 
results in three curves, each starting at zero percentage and 2500 hr., ending 
at 100 percentage and 5000 hr., with increasing curvature from zones A 
to C. Such a plot, by means of the well-known tangent method, allows 
the calculation of the percentage class size, i.e., the percentage of particles 
for corresponding radii ranges, based on the Stokes equation (10). The 
plot of percentage verme radii should give a Maxwellian distribution type 
of curve. 


TABLE 2 


Percentage etratifieation vriih time* 


FSBCBMTAaB STRATiriCATIOIf IK SACK ZOKX (APPBOXIMATB) 


SOKK 



3500 hr. 

3000 hr. 

3300 hr. 

4000 hr. 1 

4300 hr. 

3000 hr. 

A 

0 

58 

85 

98 

100 


B 1 

0 

41 

81 

94 

97 

100 

C 

0 

37 

72 

93 

99 

100 


SUMMARY 

Calculations of particle sizes in an apparently stable, stratified, alumina 
hydrosol system, based on the rate of stratification, have given results 
which are of the correct order of magnitude. This suggests that whenever 
a rate of stratification is exhibited, Stokes’ law, alone or in combination 
with Einstein’s equation for Brownian movement, may be applied to the 
velocity of settling of zones. It has been briefly indicated how Perrin’s 
and Odfe’s equations may be applied to stratifying systems in order to 
obtain information relative to the amount of material present and the 
percentage class size and size distribution of particles. 
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The strong adsorption of complex metal ammines by silica gel has been 
reported previously by Smith and Reyerson (6). By reduction of the 
adsorption products at elevated temperatures by hydrogen, metallic 
deposits are produced on the surface of the silica gel. These substances 
have proved to be very active catal 3 rtic agents in hydrogenation and other 
types of reactions, and the metal films of silver and nickel have been used 
by Smith and Reyerson (6) in streaming potential cells for measurement 
of electrokinetic potentials. Studies on the adsorption of the. copper 
ammine on silica gel were made by Kolthoff and Stenger (2), who found 
that a final equilibrium condition is reached only after very prolonged 
shaking, and that the composition of the copper ammine ion undergoes a 
continuous change during the process. Reyerson and Clark (3) give 
results on the adsorption of the complex ammonio ions of silver and 
copper on silica gel, and report the influence of the pH of the equilibrium 
solution on the adsorption of the latter ion. 

The present study was undertaken in order to determine the relative 
adsorption values of several of the common metal ammines, namely, 
those of silver, nickel, copper, and zinc, since this knowledge would be of 
great value in preparing mixed metal surfaces on silica gel for future 
studies in catalysis. It was felt, also, that this adsorption phenomenon 
offered an excellent opportunity to obtain information regarding the nature 
oi adsorption from complex mixtures and its relation to the adsorption 

the individual components in simple solutions. 

Tlie adsorption isotherms for these four ammines were first obtained. 
Next, the adrorption of each component in mixtures of all combinations 
of two, three, and four of these compoimds was determined. In these 
mixtures the initial concentrations of all components in each mixture were 
equal, and the totid concentration in every case was originally 1.0 N. 

EXFERIMENTAl. 

Ihe silica gel used in these experiments was obtained from the Silica 
Qel Oorporation. It was treated with nitric and hydrochloric adds to 
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reanove inm and otbw impurities, then washed with frequmt changes ot 
distilled water oTm* a period of sevaral days, and finally dried at 300^. 
Hie resulting product was quite transparent and glassy in appearance. 

The solutions of complex ammonio compounds were prepared from t^e 
nitrates of silver, nickel, copper, and sine, which were of the best quality 
available commercially (c.r. grade ot better) and were used without 
further purification. Approximately 1.0 iV solutions of each were pre- 
pared in the following manner, l^e desired quantity of the salt was 
dis^lv^ in distilled water. To this solution concentrated ammonium 
hydroxide was added carefully until the precipitate at first formed just 
dissolved, then an excess of 5 ml. per liter of final solution was added. 
The solution was then diluted with distilled water to the correct volume. 
It was noted that practically identical amounts of ammonium hydroxide 
were added for equal volumes of solutions of the four metal salts. The 
resulting solutions were assumed to contain Ag(NHt)i''', Cu(NHi) 4 ''^, 
Ni(NH») 4 ++, and Zn(NHj) 4 '*~'‘, and were, respectively, colorless, dark blue, 
medium blue, and colorless. It is quite possible that the nickel solution 
may have contained a small amount of the hexammine compound, but the 
color of the latter (pale violet) was not evident. Bjernun (1) has shown 
that these solutions are quite complex, so it is probably impossible to 
obtain a pure solution containing but a single compound. 

Solutions of lower concentration were prepared by diluting the above 
stock solutions. 

Each sample for study was prepared as follows: 15.00 g. of silica gel 
was weighed into a 125-ml. Erlenmeyer flask (coated internally with 
paraffin wax to prevent reaction between ammonia and the glass), and 
75.00 ml. of solution was added. The flask was stoppered with a paraffined 
cork stopper and placed in a shaking machine (4). 

The experiments were carried on in a room in which the temperature 
vmied little from 25*’C. 

The methods of anal 3 rsis of the original solutions and of the final equi- 
librium solutions were the following standard procedures: (1) 8tloer: 
precipitation as silver chloride and weighing in filtering crucibles of Jena 
glass, ill) Nickel: precipitation as nickel dimethy^yoxime and weighing 
as above. (3) Copper: iodometric titration in acetic acid solution with 
sodium thiosulfate which had been standardised with pure copper. (4) 
Zinc: titration in sulfuric acid solution with potassium ferrocyanide, 
standardised with pure sine,' uring diphmiylamine as internal infficator. 
(5) SepanAum: in the case of mixturra, rilver was always removed first 
by precipitation as silver chloride; copper was removed (wh«i present) by 
precipitation in hydrochloric add solution with hydr(^;en sulfide; nickel and 
s^, when dmifitaneously present, were then separated precipitating 
f^el dimethyl^yoxime in the presence of stnne excess hminonium 
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chloride, and subsequently precipitating the zinc in the filtrate with 
hydrogen sulfide, followed by filtration, solution, and titration. 

The amounts of metal adsorbed per gram of silica gel were determined 
by calculation from the decrease in concentration as determined in the 
analyses. Analyses of the silica gels after adsorption were not made as 
some eiqierimenters have done, for it was believed that it would be im- 
possible to wash the gel surface (both external and internal) free of the 
solution without disturbing the adsorbed material and introducing un- 
predictable complications as a result. 

RESULTS AND DISCUSSION 

It was found that these systems, especially in the cases of the more 
concentrated solutions, were slow to reach an equilibrium condition. 
This is in agreement with the results of Kolthoff and Stenger on the adsorp- 
tion of the copper ammine. The time required to reach equilibrium appar- 


TABLE 1 

Influence of the time factor on the amount of eilver complex ammine adsorbed on 

eilica gel 


INlTtAL COHCBIITBATIOIC 

(kobmautt) 

riMAL COHCBMTBATIOH 
(■QUIUBBIUM) 

MIIXIBQVITALBMTS 
AMOBBBD P8B OBAM 

OP BtUCA GBl* 

TIMB or ADBOBPTION 

miUiequivoisnit per 
miUUiitr i 

mUlitquiwaUnti per 
mUltliter 

miUie^ivelenie 

haurt 

0.9822 

0.7777 

1.021 

4 

0.9988 

0.7948 

1.019 1 

5 

0.9988 

0.7932 

1.027 

9 

1.0001 

0.7931 1 

1.036 i 

1 

77 


ently depends upon the concentration, and also largely upon the complexity 
of the system in question, since it is comparatively small for the silver 
ammine, which is obviously the simplest case. Table 1 shows the amounts 
adsorbed after various periods of time from solutions which were originally 
about 1.0 N. Note that the amount adsorbed after 77 hr. is practically 
identical with that after 4 hr., especially considering the difference in 
original concentrations. These r^ults also indicate that the method of 
preparing tiie solutions of ammines gives quite uniform products, since 
tiirm separately prepared solutions were used here. 

The results of a^rption studies on four complex ammines (silver, 
nickel, copper, and zinc) are presented in table 2. In each case the values 
for the more concentrated solutions were obtained after 77 hr. of shaking 
with the silica gd. 

These results are presented graphicaUy in figures 1 and 2, in vduch the 
isotiianns are drawn. The naarly linear relationship diown by the gra^u 
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cf the logarithms ci the amounts adsorbed (figure 2) is m oloae agre«nent 
witit the emi^cal isothem d Freundheh. The change in slope ot these 
curves at the h^;her ctmcentrations seems to be charactmistic of all these 
qrstems. It might be thought to indicate that the adsorption had not 
yet reached a constant value, but this seems iminrobable in the li^ of the 
results of table 1. A wide variation in the specific adsorption values of 

TABLE 2 

Ad$orpHon of complex amminee on eiliea pel 


Temperature, 25'*C. (approx.) 


miTIAl* COircSHTKATlON 
(MOllMALITT) 

riMAL COMCIMTBATION 
(BQTTZUBBIUII) 

inUABQVtVALIlITt AOBOBMO 
PBB OBAM or nUCA OBb 

I. Silver ammino ion, Ag(NHi)]’*' 

mHUsquitoUnU per mUliliUr 

mtUiequiteUnie per tnillUiier 

mUliequieeUtUe 

1.0001 

0.7931 

1.035 

0.4911 

0.3269 

0.820 

0.3274 

0.1898 

0.687 

0.2455 

0.1274 

0.590 

II. Nickel ammino ion, Ni(NHi) 4 "^‘*' 

1.0070 

0.6545 

1.763 

0.4888 

0.1851 

1.517 

0.3250 

0.0697 

1.279 

0.2444 1 

0.0251 

1.095 

III. Cupric ammino ion, Cu(NHi) 4 +^ 

0.9886 

0.3488 

3.199 

0.4428 

1 0.0185 

2.121 

0.2972 

0.0035 

1.469 

0.2234 

0.0012 

1.111 

IV. 

Zinc ammino ion, Zn(NHi )4 


1.0229 

0.1717 


0.6096 

0.0142 

2.475 

0.3410 



0.2548 

0.0012 

1.267 


these four solutes is readily noted. The adsorption of tiie sine ammine is 
particularly outstanding, and this fact is borne out in the ensuing studies 
on the mixtures of these compounds. 

It is worthy of mention, also, that if we wo'e to plot the miUimoles 
adsorbed instead of milliequivalmts, the values for nidEel and silver 
would be very nearly the same. In general, it senns that we mi^r classify 
ti^tinc and copper mnmines tc^tlmr as bdng very h^ddy sidsoclied, Ihd 


















LOG CXJNCENTRATION 


Fio. 2 . Adsorption isothsniis for metal ammines on silica gel 


Soiutioiis conBisting of two of the above ammines, each of 0«5 N con* 
oaotratioQ, ije.p with a total ooocentration of 1.0 N, wore prepared and the 
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adsotptkms on ailiea gel measured. The apjm^mate sc^utioas ei mtsed 
Bcdiites mese in sJl eases prepared first and ^n added to the siUoa gd. 
The results axe given in table 8. In figure 3 these values are shown 
grapfaicidljr in such a manner that the influence on eadi metal ammine 
of the {Hresence of the other ammines, arranged in order of increasmg 
adsort>ability, is demonstrated. In particular it will be noted that the 
rdaUve order of adsorption is the same as in the case of the simple solu- 
tibns, and that the adsorption of the zinc ammine is practically uninflu- 
enced by the presence of other solutes. The zinc ammine is almost 

TABLE 3 


Adtorplion from mixturet of Ueo complex amminet* ^ 

Total ooncentration, 1.0 AT; temperature, 36*C. (approx.) 


axnBXMBMT 

▲MMtinM Xir SOLUTION 

INITIAL 

CONCINTBATION 

nNAL 

OOMCSNTBATtON 

MILLiaQUlTALIUnS 

AMOmBBD ram 
OBAH or SILICA 
OBL 

I 

Ag(NH,).+ 

Ni(NH,)«++ 

milliigiitnalgfift 
per mUliliCer 

0.5000 

0.5000 

miUiiQuiwUmU 
per milliliier 

0.4017 

0.3133 

miUitQuieaierUtr 

0.491 

0.933 

II 

Ag(NH,),+ 

Cu(NH,),++ 

0.4972 

0.4972 

0.4162 

0.0678 

0.405 

2.147 

III 

Ag(NH,),+ 

Zn(NHi)«++ 

0.5000 

0.5000 

0.4273 

0.0281 

0.363 

2.359 

IV 

Ni(NH,)4++ 

Cu(NH,)4++ 

o o 

0.3450 

0.1810 

0.769 

1.589 

V 

Ni(NH,)«++ 

Zii(NH,)4++ 

0.5000 

0.5000 

0.4280 

0.0415 

0.360 

2.833 

VI 

Cu(NH,)4++ 

2n(NH,)4++ 

0.5000 

0.5000 

0.2650 

0.0313 

1.175 

1 2.343 


* Time of adsorption in each case, 9 hr. 


completely adsorbed in all three cases in which it occurs. On the other 
hand, the amount of silver, nickel, and copper adsorbed is distinctly 
decreased by the presence of other ammines. The repressing influence 
in each case increases wii^ increasing adsorbability of the other ions, i.e., 
in the order dlv^, nickel, coppw, and zinc. 

Table 4 pves the results (rf fflcperhnents deiding with mixtures of three 
and four of the ammines, in which the totd concentration was 1.0 N 
a^ the initial concentration of afl ions in Any givdi sdlatitm aras the 
film. In figures 4 and 5 these results are presented firatihiealiy as in tits 








ADBORPnOK OF IONS ON SILICA OEL 


643 


l^ye case. Again the almost complete adsorption of zinc ammine is 
(diserved, and also the slight influence of the other solutes on this particular 
one. In each case a more or less marked decrease in amount of any 
particular ion adswbed in the presence of other ions of increasing adsorb- 
abilities is noted. It can also be shown by simple arithmetic that the 
amount of a given ion adsorbed in a complex mixture of ions can be pre- 
dicted with an accuracy of about 5 to 10 per cent by averaging the values 
found in simpler mixtures of the same ions. Further study of this rela- 
tionship is to be undertaken in the future in other experiments of this 
nature. It is also apparmt that the values obtained in the mixture of all 



Fto. 3. Adsorption from mixtures of two solutes. Total concentration, 1.0 normal 


four ammines are of the same relative magnitude as those indicated in the 
simple solutions of table 2 and figure 1. 

iWt the ammines are adsorbed in polymolecular layers of approxi- 
mately colloidal thickness is known as a result of x-ray studies on the 
metalliaed gels obtained by reduction of the adsorbed ammines by hydro- 
gen. Such studies have yielded the typical metal crystal patterns in the 
eases of silver and nickel, the only ones studied by this means by the 
author (6). 

Hie adsorption in the case of all of the mixtures was determined for the 
same time period, — namely, 9 hr. While it is likely that a final equi- 
lilnrium value was not attained in this time, still it seems that this is not 
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flf mudb importance in tbe preaent stady. Tlie time <rf adso^tina was, 
ot eouwe, tihe «nne for each icm in the mixture and was suffident to show 
rdative adsorption values clearly. In line witii the results td Kolthdl 
and Steng»» it seems that the slowness in reaching a final constant state 
is due to the occurrence of chemical changes in the adsorbed layer f dlowing 
(he initial adsorption of the complex ion, rather than to a low adsorption 
rate. The near-equilibrium value which is attamed in a few hours is thus 


TABLE 4 

Adsorption from mixtures of three and four complex ammines* 


Total concentration, 1.0 N; temperature, 25^0. (approx.) 


axpasncmiT 

▲maiciff IN Mitimoii 

INITIAL 

OONCNNTBATtON 

FINAL 

CONCNNTNATtON 

lOLLtSQUtTALNNTS 

AMOSBBD ram 

OmAM OF MUOA 
OBL 



miUitquivaUntt 
per miUitUer 

mOliegiuivalenie 
per mUmUer 

fftfflHfflftfff/FHfg 

VII 

Ag(NH.),+ 

0.3329 

0.2716 

0.307 


Ni(NH,)4++ 

0.3329 

0.2054 

0.637 


Cu(NH,)4++ 

0.3329 

0.1007 

1.161 

VIII 

Ag(NH,),+ 

0.3333 

0.2747 

0.293 


Ni(NH,)4++ 

0.3383 

0.2538 

0.397 


Zii(NH,)4^-+ 

0.3333 

0.0010 

1.661 

I 

IX 

A*(NH,),+ 

0.3883 

0.2826 

0.253 


Cu(NH,)4++ 

0.3333 

0.1250 

1.041 


Zn(NH,)4++ 

0.3838 

0.0052 

1.641 

X 

Ni(NH,)4++ 

0.3333 

0.2584 

0.375 


: Cu(NH,)«++ 

0.3333 

0.1620 

0.857 


Zn(NH,)4*+ 

0.3883 

0.0102 

1.615 

XI 

Ag(NH,),+ 

0.2500 

0.2037 

0.231 


Ni(NH,)«++ 

0.2600 

0.1786 

0.857 


Cu(NH,)4+-^ 

0.2500 

0.1053 

0.723 


Zii(NH,)4++ 

0.2500 

0.0064 

1.218 


* Time of adsorption in each case, 9 hr. 


likely to offer a truer representation of the primary adsorption of complex 
ions than the final equilibrium value, which is reached after many 
wedcs or months. FTeparations are in ^ingress tar a detidled study 
tile effect tbe time factor and also the pH factor on these 8ds(»pti<m 


phenommia, particularly in the mixtures. In the latt^^ case it is apparent 
tiiat, aHhoo^ the pH values of the various sduticoiB used in tiie preset 
Study i»rd>^ly differed somewhat, nmrertiitiess aH ions k any gtvm 
0xture w^ adsorbed at the same pH value. 
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It was foOnd that no-appreciable-amount oS dfica was dissolved under 
the conchtions of these experiments. This differs from the results of 
Kolthoff and Stenger but is logical, since the relative quantities of solution 
and oUca gel used were so vastly different from those used by these 
authors. 



Fia. 4 Fig. 5 


Fig. 4. Adsorption from mixtures of three solutes. Total concentration, 1.0 normal 
Fig. 5. Adsorption from mixture of four solutes. Total concentration, I.O normal 


SUMMARY 

1. The adsorption isotherms of the complex ammonio ions of silver, 
nickel, copper, and sine on silica gel have been determined. 

2. The adsorption of the same ions from mixtures of two, three, and 
four components, originally at a total concentration of 1.0 N, has also 
been measured. 

3. In all^ases the adsorption in milliequivalents per gram of silica gel 
was greatest for the sine ammine, and decreased in the following order: 
sine, ct^per, nickel, and silver. 

4. The required to reach a constant state in the adsorption of 
id W e** ammine is considei^jly shorter than that for the divalent complex 
ions, mud was about 4 hr. or leas. 

6. In the mixtures the adsorption of each component is dependent upon 
the specific adsorption characteristics of the other components present, 
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ie., it is 46ei»a«ed in ttepresenwiof highly ndsorbabk ions, nnd the amount 
(rf deemuse is greater the t^e adsorhability of the o^er omnponents. 

0. Ibe ainc amminei.'vhioh exbihik very ntroi^ adsorption, is only 
dil^y le$8 adsorbed in posaenoe of the other ammines studied. 

7. Knowledge of the adsorption characteristics of the individual solutes, 
alone and in simple mixtures, enables one to predict, at least qualitatively, 
the behavior in more cmnidex mixtures of the same solutes. 

CONCLUSION 

It is hoped that much insight into the nature of the adsorption behavior 
of these and other complex ammonio ions, as well as information concem- 
ii^ the nature and composition of the ammines themsdves, may be gained 
in further studies now contemplated, The author also plans to carry 
out experiments to determine the catalytic behavior of the metal catalysts 
obtained upon reduction by hydrogen of the adsorption products resulting 
from the present work. The determination of the character of these 
metallic deposits in the case of the mixed ammines is also to be under- 
^en by x^r&y methods, and should be of considerable value in explaining 
the phenomena. 
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INTRODTJCnON 

The investigation described in this report involves a theoretical study 
of the dyeing properties of a group of acid ahd of basic djes when applied 
to silk fibroin. Some of the acid dyes were matched in molecular struc- 
ture as nearly as possible with basic dyes, so that the chief differences 
between certain of the dyes used were in their acidic or basic groups. 

Two azo dyes and five triphenylmethane dyes were selected. The 
formulas for the dyes are given below, together with the Colour Index 
Number of each (18). 


N=N— N=N 

Ha.H,Npj ' j^HrHCl 

, \yCHa 

NH, NH, 

du Pont Basic Brown BX 
Colour Index No. 332 (basic dye) 

N(CH,), 


(CH,),N<^^3~^^=)“N(CH,),C1 

du Pont Crystal Violet Elxtra Pure APN 
Colour Index No. 681 (basic dye) 

* This is Paper No. 4 io a series of reports on the reactions of textile fibers with dyes 
of various ohemioal types, based on work carried on in the Textile Chemistry Labora- 
tories, Department of Chemistry, The Pennsylvania State College. This study was 
carried on by the junior author in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy in Chemistry, August, 1937. 
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NHCH, 


du Pont Methyl Violet N. E. 
Colour Index No. 680 (baeic dye) 


(CH,),N< >-0< >°N(CH,)iCl 

du Pont Victoria Qreen Smidl Crystals 
Colour Index No. 657 (basic dye) 


Oo: 


/< >N(CtH>)CH,< >SOJJa 


\^)=N(CJI,)CH,<^~^SO, 


J 


Pontacyl Green 6. L. (Cioncentrated) 
Colour Index No. 6M (acid d3re) 




X >N(C,H,)CH,< >SO.NH« 


^ <'~^ >”N(CJI,)CH,< >S0,NH« 


*— SOr 


Pontacyl Brilliant Blue E 
Colour Index No. 671 (acid dye) 


SQtNa 

^n-nOnhO 

Metanil Yellow 

Colour Index No. 138 (acid dye) 

The work was divided into the following parts: (/) A study of the 
^ect of tempo’ature, of time, of ooncentratkm, and of initial pH on the 
amount of dye takmi up by a imit weight of fibroin. {0) A study of the 
changes of hydn^^en^on concentration that took place during the dyefag 
processes as carried out in the concentration mid pH studies. - 



REACTION 07 SILK FIBROIN WITH DYES 


649 


FROCEDURE AND EKFERIMENTAL RESULTS 

The fibroin used was a pure dye silk crgpe fabric from which the sericin 
had been removed by a boiling-off process. The fibroin samples were 
treated with successive baths of hot distilled water until there was no 
further change in the pH of the rinse solution. The samples were then 
brought to constant weight within a precision of ±0.005 g. 

The dyes were purified by recrystallization from water and from alcohol. 

Throughout the study a dye bath of 250 cc. was used. Distilled water 
was employed in making up the dye solutions, and no substance other 
than dye was added to the bath except in the part of the work in which 
the initial pH of the bath was changed. This was brought about by 
adding the quantities of hydrochloric acid or of sodium hydroxide required 
to obtain the desired pH. 

The concentrations of the dye baths were determined by titration with 
titanium trichloride, a method studied by Khecht and Hibbert (10), 



Fig. 1. The effect of temperature on dye take-up 

modified by Calcott and English (2), and further modified as to mechanical 
details in this laboratory. 


Temperature atudiee 

Dyeing procedures were carried out at five temperatures, which were 
kept under thermostatic control at 2-4®C., 25®C., fiO^C., 75®C., and 97®C. 
A summary of the data secured in dyeing silk fibroin at these various 
temperatures with the seven dyes listed in the introduction is shown 
graphically in figure 1. 

A temperature of 25°C. was selected as satisfactory for the remainder 
of the study. Thermostatic control of this temperature was maintained. 

Time studies 

In tiie time studies, samples were dyed for periods of 2, 4, 8, or 16 hr. 
The results obtained from the studies on time in relation to dye take-up 
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are ahown in figure 2. From tbia figure it can be aeen that equilibrium 
baa been reached at or near the end of an 8-hr. period at a temperature 
of 25°C. This time, therefore, was selected for the remainder of the study. 


Kcr TO ewKV(« 

I SMK •Mvii imitniMiiii 
t CftVOUl Vtoitt « MltTkCVL fttoi ' 
» MUNVi V«mtT 7 MITAlXt VtUOif 
4 VICTORIA Mim 

riMPtAA^yu II* C. 


ini 




TIML IN HOUft6 


•I It It 14 


Fig. 2. The effect of time on dye take-up 
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I T I M.£ : f MOUAt I 
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riHAl CONCEflTAAn ON or OVE (n 
MlLLICaAMt PEa E«0 CC 


jBBBBBlI 


Fig. 3A 


3. The effect of concentration on the take-up of Basic Brown by silk 
Fig. 3A. Logarithmic curve for Basic Brown 


TiMI I HOURA 
TEMP^ftATOAt ti*C. 


«« IM li« i«« IM Ift M 

' PllfAk CONCERTMTtON Or pn IN ( 
MlLLlGRAMfr PER 110 CC 

Fig. 4 


LOO C 

Fig. 4A 


Fig. 4. The effect of concentration on the take-up of Crystal Violet by silk 
Fio. 4A^ Logadthmie curve for Crystal Violet 

Concentration etudiee 

A series of dyeings was then made for each of the dyes at 25^C., for 
im S-hr« period^ in which the initial concenl3*ation of the dye bath was 
In figures 8 to 9, indimive, t^e effect of the initial concentration 
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of the dye bath on the quantity of dye taken up per unit weight of fabric 
is shown graphically. Since it was desirable to find whether or not the 
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Fig. 5 , ' » Fio. 5A 

’ » - 

Fig. 5. The effect of concentration on the take-up of Viblet by silk 

Fig. 5A. X^ogarithmic curve for Methyl Violet 



Fig. 6 



LOG C 


Fig. 6A 


Fig. 6. The effect of concentratictn on the take-up of Victoria Green by silk 
Fig. 6A. Logarithmic curve for Victoria Green 



Fig. 7 Fig. 7A 

Fig. 7. The effect of concentration on the take-up of Pontacyl Green by silk 
Fig. 7A. Logarithmic curve for Pontacyl Green 


relationship between the amount of dye taken out of the bath per unit 
weight of silk and the equilibrium concentration of dye conformed to the 
Freundlich equation for adsorption (4), ^ich is 

> ' — GCW 

m 





B. C. BOSVIIAN WITH F. B. MACK 


m 

logarithmic (Hirvcs d take-up against equilibrium ctmcenbratitm wore 
lotted. These ace ahown in figures 3A to 9A. 

In the studies on dye concentration the initial and the final pH of each 
bath was measured by means of a Leeds and Northrop portable potenti- 
ometer riectrometer, Number 7666, fitted with a j^ass electrode and a 
satiurated calomel cell, and the change in hydrogen-ion concentration in 
the bath resulting from the removal of dye by the fibroin was calculated. 
The results of these pH measurements and of the calculations of change in 
hydrogen-don concentration are shown in table 1. 



Fig. 8 Fig. 8A 

Fig. 8. The effect of concentration on the take-up of Pontaoyl Blue by silk 
Fig. 8A. Logarithmic Curve for Pontacyl Blue 



Fio. 9 Fig. 9A 

Fig. 0 . The effect of concentration on the take-up of Metanil Yellow by ailk 
Fig. 9A. Logarithmic curve for Metanil Yellow 


pH eludie8 

The effect d the initial pH of tbe bath on the amount of dye taken up 
per gram of sQk, plotted for each dye individually, is shown in figure 10. 
In this figure the initial pH and the final pH are plotted separately i^punst 
the amount of dye taken up per unit weight of fibroin, and the direction 
d the pH shift for each determination is riiowa by means of arrows. 

The effect of initial pH upon the change in hydrogen-ion ooncentratbn 
of the bath is plotted separately for each dye in fiigure 11. In each case 
teo curves are shown, one represmting the change in hydrogondon oon- 
wtetiwtion with different initial pH values obtained whoi the oU: was im> 
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TABLE 1 

Chanffe in hydro(fm4on concentration during dyeing of eilk fibroin with varioue haeic 
dyes in bathe of different eoneentratione 


Time, 8 hr. ; temperature, 26®C. 



SAima 

KVMBIB 

xirmAifDTa 

OOirCBMTBA- 

TXOM 

s/m (mo. or 

DTB TAEBM UP 

PBB OBAM or 

flBBOlM) 

1 , 

INITIAL pH 

FINAL pH 

Baaio Brown 


10.03 

2.14 

3.86 

3.98 



23.44 

4.07 

3.87 

1 3.67 



40.12 

5.31 

3.66 

3.41 



69.11 

6.22 

3.54 

3.39 


5 

85.57 

6.05 

3.42 

3.39 


6 

123.13 

8.01 

3.45 

3.39 

Crystal Violet 

1 

28.67 

5.89 

5.61 

4.21 


2 

61.80 

13.39 

5.46 

3.60 


3 

123.07 

20.27 

4.94 

3.54 


4 

192.38 

26.53 

4.96 

3.47 


5 

273.75 

29.27 

4.68 

3.31 

Methyl Violet 

1 

28.33 

5.80 

4.94 

3.86 


2 

63.00 

12.75 

4.78 j 

3.47 

1 

3 

110.90 

18.73 

4.47 i 

3.34 

i 

1 

4 

179.85 

24.41 1 

4.33 

3.24 


5 

231.70 

29.12 

4.24 

3.12 

Victoria Green . 

1 

41.40 

6.36 

3.58 

3.51 

1 

i 

2 

91.80 

14.14 1 

3.30 

3.30 



134.54 

17.23 I 

X 

X 


3 

190.86 

23.47 

3.05 

3.00 


4 

200.90 

17.23 

3.18 

3.13 


5 

354.25 

21.56 

3.02 

2.98 

Pontacyl Green 

1 

21.47 

3.65 

5.66 

5.30 


2 

38.84 1 

7.64 

5.74 

5.36 


3 

89.20 

12.58 

5.74 

5.35 


4 

132.60 

16.06 

5.64 

5.27 


5 

165.83 

17.61 

5.65 

5.25 

Pontaeyl Blue 

1 

26.02 

2.21 

5.57 

5.13 


2 

45.88 

8.98 

5.27 

5.14 


3 

134.38 

6.64 1 

5.66 

5.54 


4 

161.80 


5.07 

5.11 


mm 

260.30 

9.50 

4.99 

5.07 

YeUow 


61.55 

7.83 

X 

X 



126.17 

12.45 

5.58 

5.92 



187.55 

17.54 

5.47 

6.03 



219.93 

22.99 

1 5.54 

6.07 


■□1 

341.75 

21.81 

5.47 

1 6.03 
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mersed in distilled water solutions oontsining varying quantities (d hydro- 
chioiio add or sodkim hydroxide but no dye, and the otiier represmting 
similar chuiges for the bath containing the dye. 



J i I„ T-.A J 

I 2 3 4 5 8 9 0 lltt 


Fio. 10. Effect of initial pH on the take-up of dye by the fibroin, together with 
the shift df pH during the dyeing of fibroin in baths of different pH values. 


DISCUSSION 

The effect of concentration on dye take-ap 

jpVeundlich and Losev (6) have shown that tiie removal of djre by carbon 
and by textile fibers is primarily an sdsorption phoiomenon and that it 
foUowB the emidrical equation 

m 
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Fiq* 11* C^ect of pH upon the change in the hydrogen-ion concentrations of dye baths of different initial pH values 
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wha« x/m is equal to the weij^t in grams of a(l8ori)ed material taken up 
per gram of adsorbent, a is a constant representing the dye taken up per 
unit wd|^t of adsorbent at unit concentration, C is the concentration of 
dye at equilibrium, and 1/n is a constant peculiar to the adsorbent and 
the adsorbed substance, and numerically equal to the sbpe of the lins 
obtained by plotting log x/m against log C. The dyeing of silk with 
acid and basic dyes was found by Houck (7) to take place in accordance 
with this adsorption theory. Likewise, the take-up oi acid and basic 
dyes by wool was reported by Briggs and Bull (1) as an adsorption process, 
and the dyeing of wool with Metanil Yellow and with Methyl^e Blue 
was found by Parks and Beard (12) to be the same tjrpe of reaction. 

Pfeiffer and coworkers (14, 15, 16) have been able to form compounds 
between simple azo, keto, and quinone dyes and phenylalanine, sarcosine, 
and sarcosine anhydride, and have concluded from this work that dyring 
is due to the formation of chemical compounds at the surface of the 
fiber. 

Porai-Koshits (17) boiled silk and wool in solutions of ammonium 
chloride containing acid and substantive dyes in the form of sodium salts. 
He found that the amount of ammonia set free was equivalent to the 
amount of dye acid fixed by the fiber; this result lends support to the 
theory that the dyeing of animal fibers consists of the formation of salts 
<d the fibers and the dye acid. 

Harris and Smith (6) have determined the dye-combining capacity of 
untreated wool for an acid dye. Orange II, and have shown it to be equal 
to the acid-cmnbining capacity of the wool. Treatments with nibrous 
acid, hydrogen peroxide, sodium hsrpochlorite, and strong sulfuric acid 
decrease the basicity of the wool and likewise its dyeing capacity. These 
authors present their data as further evidence in favor of the chemical 
theory of wool dyeing. 

In the present investigation, the relationship between the amount of 
each ci the dyes taken up by the silk fibroin and the equilibrium con- 
centration of tile dye bath was studied. Beference to figures 3A to 9A 
shows that tiie lopuithmic graph is a straight line in every case. It can 
be concluded, tiierefore, that, under the conditions studied, the dyeing of 
oik with Basic Brown, Crystal Violet, Metiiyl Violet, Victoria Greai, 
Pontacyl Green, Pontacyl Blue, and Metanil Yellow is an adsorption 
process, alihou^ this conclusion does not necessarily i»eelude the possi- 
bility of chemical union between surface micelles of the fiber and tiie 
adsorbed dye. 

Examinatkm of figures 3 to 9 shows that the amount of dye adscerb^ 
at a definite concentration apparently does not depend cm the aridity or 
Upsirity of the dye molecule. It appears, also, tiiat no cfirect rriationship 
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exists between the type of dye (whether azo or triphenylmethane) and the 
amount of dye adsorbed at a given concentration. The complexity of the 
dye molecule, however, may have an effect upon the amount of dye taken 
up, in that a dye with a more elaborate structure may be adsorbed to a 
lesser degree than one which is less complex. 

Among the basic dyes, for example, the three triphenylmethane dyes — 
Crystal Violet, Methyl Violet, and Victoria Green — are adsorbed in larger 
quantity per unit weight of fibroin than is Basic Brown. The latter has 
two diazo groups in addition to three phenyl groups. 

The presence of the diazo groups is not solely responsible for the lesser 
degree of take-up, because 'Metanil Yellow, the one acid dye with a diazo 
group, is adsorbed to the greatest degree of any of the acid dyes. The 
remainder of the Metanil Yellow molecule, however, is simple in structure 
in cmnparison with the two triphenylmethane dyes, — Pontacyl Green and 
Pontacyl Blue. The higher adsorption of Pontacyl Green in comparison 
with Pontacyl Blue may be accounted for at least in part by the presence 
of two sulfonate groups in the former and three in the latter. 

Changes in pH during dyeing 

In the study of the effect of dye concentration on the proportion of dye 
taken up, the results with the various dyes, as presented in table 1, show 
that the solutions of the four basic dyes decreased in pH as the concen- 
tration was increased. This is to be expected, if we consider the dye as a 
salt of a weak base and of a strong acid. If this were the case, hydrolysis 
would cause the following reaction to occur: 

RCl + HOH -► ROH + HCl 

This reaction would result in the formation of the strongly ionized 
hydrochloric acid and a weak base, ROH. More hydrochloric acid would 
be formed by hydrolysis as the concentration of dye bath was increased; 
and increase in concentration of dye, therefore, should cause the pH to 
decrease. This has been found to be the case. Parks and Beard (12) 
have found similar results with another basic dye, — Methylene Blue. 

If we consider the acid dyes — Metanil Yellow and Pontacyl Green — 
to be salts of a sulfonic acid and of sodium hydroxide, the type hydrolysis 
equation would be the following: 

RSO,Na + HOH -♦ RSO,H + NaOH 

Nehber of these dyes showed notable changes in initial pH with concen- 
tratikm dmnges within the range of concentrations studied. This indicates 
eitiier that these dyes do not hydrolyze to an appreciable extent, or that. 
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if they hydrdlyae, <^e ftcid and baae fbimed may be of suffieteoitly meSiMt 
degree of imusation to neutraliee or balaoee each other, remltiag in no 
^diai^ in pH. 

Ponta^i Blue is ibe ammonium salt of a complex sulfonic acid, and 
may hydrolyze as follows: 

R(S0,)»(NH4)i + 2H0H -» R(SO,)A + 2NH«0H 

Smee smmonmm hydroxide is a poorly ionized base, it is possible that tbe 
ionization oi the dye acid exceeds that of the base. If this be the case, 
it eiqtlsins the fact that the pH decreased with increasing dye conc^- 
trations. 

Tbe shift in pH during dyeing in baths containing the dye alone with 
no auxiliary reagent was not great in any of the dyes, and was virtually 
independent of the amount of dye removed from the bath by the fibroin. 
Parhs and Beard (12) obtained the same results with Metanil Yellow and 
with Methyl Violet on wool. Eldd (3) found that the action of Cr 3 rstal 
Violet on wool results in an increased pH of the dye bath after dymng, 
which is independent of the amount of dye taken out of the bath. 

The effect of initial pH on dye adsorption 

figure 10 shows that the initial pH of the dye bath had a pronounced 
^ect upon the amount of dye adsorbed per imit weight of fibroin for 
each of the dyes studied. The effect is similar for all of the basic and for 
all of the acid dyes, but differs markedly for the two types of dyes. 

The amounts of the basic dyes, Basic Brown, Crystal Violet, and Victoria 
Green, taken up by the silk increase with an increase in hydroxide ion 
to a value of pH 6 to 8, above which the quantity of dye adsorbed is 
decreased with further increases in hydroxide ion. Ibe quantity of 
Methyl Violet tak^ up increase to pH 4 to 8, above which it decreases. 
The increase of the basic dye adsorption with increase in hydroxide ion 
is understandaUe if the hydrolysis equation proposed for this group of 
dyes in an earlier part of this report is correct, since an increase in hydrox- 
ide ions in the balb would tend to cause more of the dye base to be formed. 
It would appear that this increase should continue, rather than fall off 
after a maximum was reached, pother variable condition was encoun- 
tered in tins connection, however, in that each of the basic dyes showed 
visible evidence of flocculating witbin the pH range at which the increase 
in dye adsorption ceased, as well as at hh^er pH values. 

The amounts of each of the acid dyes, Pontacyl Gh^een, Pontacyl Blue 
and Metanil Yellow, that were taken up per unit wei^t of fibroin in- 
cr^sed as the hydrogen-ion oonoentration of the bath was increased, from 
^ highest pH slud^ down to pH 2.5 to 3.5. H tiw hydrolysif oquatimis 
l^revkntfi^ lor the add dyes are correct, it is to he expected that Op 



BBACnON OF BILK FIBBOIN WITH DTEB 


669 


increase in the acidity of the bath would cause an increase in the dye 
acid which is formed. This would probably have continued through the 
pH range studied were it not for the fact that the particle size of the dye 
in solution changed as the pH of the bath was decreased beyond the pH 
range of 2.5 to 3.5. Meta^ Yellow showed flocculation at pH 2.84 and 
below. Although Pontacyl Blue and Pontacyl Green did not show visible 
flocculation within the pH range studied, Pontacyl Blue changed color at 
pH 2.2 and below, and Pontacyl Green at pH 3.0 and below, — evidence 
of change of particle size. 

Pelet-Jolivet and Siegrist (13) found that dye take-up increased 
with an increase of electrolyte upf to a maximum, beyond which further 
addition of electrolyte caused a decrease in the amount of dye taken up. 
Parks and Bartlett (11) found that the addition of hydrochloric acid to a 
Metanil Yellow bath increased the adsorption of this dye, by a textile fiber, 
which they explained as due to the common hydrogen ion. Unpublished 
work in this laboratory in which wool was dyed with Metanil Yellow 
showed results similar to those under discussion. 

Johnson and Harris (8) and Johnson and Hawley (9) found the iso- 
electric point of silk fibroin to be between pH 2.1 and pH 2.2. The data 
upon which figure 10 is based do not show any apparent relationship 
between the isoelectric point of silk and the amount of dye removed from 
the different baths through a wide range of initial pH values. 

Change in hydrogen-ion concentration during dyeing in baths of different 

initial pH 

In figure 10 the initial and the final pH values of the dye baths may be 
con^>ared throughout the pH range studied. In all cases the fibroin 
took a larger amount of hydrogen than of hydroxide ion out of the bath 
at low pH values, and a larger amount of hydroxide than of hydrogen ion 
at higher pH values. The pH value at which the transition occurred 
between the raising and the lowering of the pH value of the bath as a 
result of the dyeing operation was between pH 2 and 3 for all of the basic 
dyes, between pH 4 and 5 for Pontacyl Green and Pontacyl Blue, and 
betwe«a pH 6 and 7 for Metanil Yellow. 

Figure 11 shows the effect of the initial pH upon the change in hydrogen- 
ion concentration during dyeing for each of the dyes studied; this change 
is plotted on a Ic^rithmic scale. The unbroken line in each of the graphs 
r^B^sents the change of hydrogen-ion concentration which occurred with 
Ihie dye bath in question. The broken line represents the change which 
took ifiace. as a result of immersing silk fibroin in a (fistilled water bath 
oontsining tiie quuitity of hydrochloric acid or sodium hydroxide needed 
to idve the desired initial pH value, but no dye. 

In preparing the series of baths used as the water solution in this part 
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of tibe study, liydroeUoric acid was added in different amounts to solu- 
tions below pH 5, and sodium hydroxkle was added above this p(wt. 
These two reagraits were added as needed to produce the desired initial 
in the dye solutions. 

’When dye is absent, the broken curve shows that the hydrogen<4im 
concentration of the bath becomes less as a result of the immersbn of 
ffbrdn tiierem, at pH 5 and below, and greater above this pH value. This 
may have resulted from the adsorption of hydrochloric acid and oi sodium 
hydroxide from their respective solutions. The fact that a chai^ in pH 
is brouid^t idmut by immersing silk in water solutions of acids and bases 
(d different initial pH values is in agreement with the restUts of Eldd (3), 
who obtained pH changes by immersing wool in water solutions to which 
reagents had been added to give different pH values, but in which no 
dye was pres«it. 

The dyes have an effect upon the change in hydrogen-ion concentration 
of the dye baths in addition to that of the acid and alkali in the bath, 
as may ^ seen from the fact that the two graphs do not coincide through- 
out the pH range studied. With all of the basic dyes, the point at which 
the fibrmn ceases to reduce and begins to increase the concentration of 
hydrogen ion is at a lower pH than was found with baths alike in all 
other respects except that the dye was absent. If it is accepted that basic 
dyes hydrolyze in solution with the formation of the dye base and hydro- 
chloric acid, then the removal of the dye base from solution should lower 
tbe pH value at which the concentration of hydrogen ions ceases to de- 
crease and begins to increase. 

Furthermore, the increase in hydrogen-ion concentration should be 
greater for each initial pH value with the dye present than without it. 

’ This was found to be the case. 

Witii the acid dyes hydrolysis has been shown as probably resulting 
in the formation of a sulfonic acid, together with sodium hydroxide in 
the case ot Pontacyl Green and of Metanil Yellow, and ammonium hydrox- 
ide in the case of Pontacyl Blue. When these dyes are added to the other 
ocnnponents in the baths, the pH range at which the fibroin ceases to 
remove products the removal of which causes a decrease in hydrogen-ion 
concentration and b^;inB to remove those the removal of which causes an 
in<^ease in conoentraticm oi hydrogen ion is in the directum opposite to 
tiiat found with the basic dyes, but is not so iwonounced. Moreover, the 
decreases in hydrogen^ion oonoentration are slightiy greater than timse 
in the baths not containing the dye, and tire increases are very slightiy 
greater in almost all cases, although the amount of change in hydrogen-ion 
concentiration is inractically the same whether the add dyes are ptoBeoii in 
the batii or not. An exception is found in the case of Pontacyl Green 
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at pH 6 or more, above which range the increase in hydrogen-ion con- 
centration is somewhat augmented by the presence of the dye. 

It should be noted in this connection that the acid dyes used in the 
study differ from the basic dyes in that the acid and basic products of 
ionization are probably not so widely different in degree of ionization as 
are the products of ionization of the basic dyes. Moreover, the acid dyes 
are not entirely comparable with respect to each other as to the products 
which they form upon hydrolysis. 

SUUMART 

The foregoing report is a description of the dyeing properties of four 
basic and three acid dyes on silk fibroin. 

Changes in the temperature of the dye bath and of the time of im- 
mersion were found to have a marked effect upon the amount of dye taken 
up by the fibroin for each of the dyes, but the effect was not uniform. 
Equilibrium was reached for all of the dyes in a period of 8 hr. at 26"C., 
and these conditions were used throughout the remainder of the study. 

The dyeing reaction with each of the seven dyes studied was found to 
conform to Freundlich’s adsorption isotherm under the conditions em- 
ployed, insofar as the amount of dye taken out of baths of different initial 
concentration per unit weight of silk fibroin was concerned. 

Changes of pH with change in concentration of dye are explained on 
the basis of hydrolysis of the dye. Changes of pH during dyeing, which 
have been found to be independent of the amount of dye taken up by the 
silk, are discussed. 

Changes brought about in the hydrogen-ion concentration of baths 
differing widely in initial pH values by immersing silk fibroin therein 
are reported and discussed in detail. 
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THE SURFACE ENERGY OF MIXTURES OF FINELY DIVIDED 
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The way in which a finely divided solid behaves in some respects like a 
liquid, e.g., in that it can be poured and assumes the shape of the vessel, 
is well known and suggests that the cohesive forces between solid particles 
would set up a “surface tension” resembling that of a liquid with very 
large molecules. The measurement of such an effect is, however, im> 
practicable, but the cohesive forces arc operative and produce a measurable 
effect when the particles are mixed with a heavy liquid such as parafiSn. 
It is found that a remarkably large increase in surface energy occurs when 
finely divided carbon is mixed with paraffin; indeed, liquids are produced of 
surface energy greater than that of any other liquids excepting the liquid 
metals. This increase is a beautiful example of the transmission of forces 
from solids through liquid media, which has been studied by the writer in 
the case of adsorbed films on solids, and also for films on mica (3, 4). 
The theory for the cohesive forces between solid particles developed by 
the writer and others (2, 8) may be applied. The effect is a very large one, 
and it would seem that it provides a method of characterizing finely 
divided solid catalysts. 


EXPERIMENTAL 

The source of carbon was lampblack. The solid was free from ash and 
contained only a little hydrocarbon and water, which were removed by 
baking out in a high vacuum. Dry air was then admitted to the cooled 
solid, and portions were weighed out and thoroughly mixed with weighed 
quantities of paraffin. The mixture was evacuated by means of a H}rvac 
pump in order to remove the superficial air on the particles, and the 
surface “tendon” was determined. 

The method adopted was a slightly modified form of that due to Lenard 
(9). The pull required to remove a fiber from the surface was determined 
by means of an analsriical balance. The quartz fiber of radius 0.007 cm. 
was joined to the quartz frame as in figure 1, and was under tendon. 
The vertical portions {n^jecting beyond the fibo* preserve the edge of the 
film when the latter is drawn upwards. By means of the hooks X and Y 
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wnillitB can be added to tiie fruae so that the latter may be Istily hori- 
aimtal, as judged by the xiature of the contact made when the pane is 
lower^ ^wly into the liquid. The small portions A and B are under the 
liquid, but the effect of the hydrostatic upthrust on these may be shown to 
be ne^l^pble. 

Under tl^se conditions 


c 


W'-W 
2(1 - 2r) 




( 1 ) 


wh^re <r is the surface tension, I the length of the fiber, and r its radius, W' 
the weight of the frame at breaking point, and W the weight of the frame 
in air. In actual practice the second and third terms are negligible, and 


_ W'-W 
2(1 - 2r) 

Hence a knowledge of the density of the liquid is not required. 


( 2 ) 



Fio. 1 . Quartz frame and fiber 


It was found that when mixtures of high concentration of solid were 
used it was necessary to deflect the balance beam carefully by hand until 
the breaking point was nearly reached. Then the weights were adjusted 
so that a slight increase in weight caused the rupture of the film after 
waiting some time. 

The site of the particles was estimated by means of the eye-piece grati- 
cule due to Cawood and Patterson (6). A sample of the powder was 
shaken with bensene, and a drop (rf the liquid produced was quickly wiped 
across a microscope coverslip. In this way an even sooty fihn which was 
just visiWe by the naked eye was produced. The density of the pafkicles 
was determined, using benzene as a covering liquid, and was found to be 
1.66. A t 3 q>ical result is shown for 21®C. v is the surface tension of Uie 
mixture and vt, that of pure parafibi (see table 1). 

T^e mean radius of the particles was 4.5 X 10~* cm. This small size is 
essential for the success of the experiment. Thus finely divided metals, 
such as aluminium and magnesium, and finely divided substances, such as 
magnesium carbonate and rinc oxide, bad no influmice on tiie surface 
of pmaffin, evm though quite viscous mixtures were produced, 
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because the particles were insufficiently small. This result is in some 
respects fortunate, in that it confirms the correctness of the experimental 
procedure with carbon, for it would seem that with care the increased 
viscosity of the mixture does not prejudice the value of the surface tension, 
a constant value of which is obtained with these coarser powders over the 
entire range from fluid to viscous mixtures. 

Finely divided solids of sufficiently small radius may, however, be 
prepared by the ignition of various salts, as it is well known that, provided 
the temperature is not too high, the shattered lattice does not aggregate to 


TABLE 1 


CABBON 


X 

(CF. EQUATION 12) 

- 1)1 

CALCULATED VALUES 

or 1/I**(x - 1)1 

weight per cent 

dgnee per centimeter 




0 

0 


0 


18.5 

0.5 

1.897 

0.588 

0.86 

24.1 

5.0 

1.720 

0.806 

0.895 

25.2 

6.2 

1.690 

0.854 

0.90 

27.3 

12.8 

1.640 

0.953 

0.95 

29.0 

31.7 

1.584 

1.083 

1.075 

31.0 

42.2 

1.562 

1.139 

1.145 

32.0 

52.0 

1.543 

1.194 

1.210 


TABLE 2 


CUPBIC OXIDE 


NICKEL OXIDE 


weight per cent 

dpfwe per centimeter 

weight per cent 

dynee per centimeter 

0 

0 

40.5 

1.4 

25.4 

1.5 

48.7 

14.7 

36.4 

5.8 

50.1 

26.6 

37.8 

11.0 

51.5 

37.1 

38.7 

28.0 

53.1 

82.0 

40.7 

33.2 



41.3 

49.5 




give large particles. The carbonates of nickel and copper were heated in 
an electric furnace at SOO^C., and were simultaneously evacuated. Con- 
siderable exaltation of the surface tension of paraffin was observed (see 
table 2). With magnesium carbonate the oxide produced gave no increase 
in surface tension. The temperature was 21*’C. The radius of the 
particles was circa 5 X 10~* on. 

The results are gimili^r to those of von Antropoff (11), who pleasured 
the pull between two j^ass tubes coated with the mixture, von Antropofif 
used tlM method to obtain pastes of high surface tmision, and did not 
ex[dore the phenomenon itself. 
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THBOSISTICAL DISCUSSION 


It was shown by the writer that the attractive force between two 
spheres of radii n and rt is given by 


4r*9*X 


(n — l)(n — 3)(n — 4)(n — 6) d""* 


1_ / rift \ 

V»‘i + »•*/ 


(3) 


wh^e q is the number of molecule per cubic centimeter and d is the 
smidlest distance between the surfaces of the spheres. The law of attrac- 
tive force is X/(intermolecular distance)". Hamaker (8) and Derjaguin (6) 
have also studied the problem. 

Exfvession 3 may be used to calculate the energy required to separate 
the mixture of solid particles and liquid into two halves, and thereby 
form two new surfaces. The work required to separate to infinity two 
equal spheres of radius r, with centers d -k-2r from one another is 


2x*g*X 


(n — l)(n — 3)(n 


4)(n - 6)(n - 6) d-» 


where the constant 


Bss — 


2ir*g*X 


(4) 


( 6 ) 


(n — l)(n — 3Kn — 4)(n — 5)(n — 6) 

As the packing of the spheres in the liquid will be very roughly hexagonal, 
the above result (equation 4) should be replaced by 

3\/3 TBaa 
4 ~ d^ 


( 6 ) 


It may similarly be shown that the work for separating a sphere from a 
plane is 


2Bss 


r 

d^ 


(7) 


These expressions involving only neighboring spheres may be applied 
at once to the liquid mixture, since the law of force between particles 
separated by liquid films decays rapidly. A similar simplification has 
recently been applied by Wassajema (12) in calculating the lattice enei^y 
of crystals. 

Ilie work of separating the two halvds may be divided into the work of 
separating (a) the solid portions fnnn one another, (b) the solid particles 
from liquid on the opposite sides of the dividing plane, and (c) the liquid 
from liquid, (b) may be further subdivided by ima^ning that the solid 
parti(des on one side of the plane are removed and the holes filled with 
Uquid, and that the whole of the liquid is removed on the other side, leaving 
Ifee solid particles. Then the work (b) will be twice the woA of separating 
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this new system — twice the work of separating liquid from solid spheres. 
Similarly, the work for (e) may be divided by imagining all the spheres to be 
removed and replaced by liquid. Then the work of separation (actually 
the free energy for the isothermal separation) (cf . 7) is 2<n. . 

Hence the work for (c) is 2trL — the work of separating the liquid spheres. 
It follows that 

2<r 2ffL + ^s/Zfh (Bas — Bll — 2Bat.) + ^niBat. 

where ni is the number of solid particles per square centimeter of interface, 
and 


Bbl 


2 

2ir QaQL^ Bi. 

(n — l)(n — 3)(n — 4)(n — 6)(n — 6) 


(9) 


For convenience the value of n is taken to be the same as for pure liquid 
and solid, as is su^ested by quantum mechanics. The process of separa- 
tion is of course idealized, and the liquid is split halfway between the solid 
spheres. Similarly the particles are imagined to be eveiJy distributed 
and of equal size. 

Now d clearly depends on the percentage composition of the mixture 
(m = weight per cent of solid). Let p, and pn and p be the d^udties of 
solid, pure liquid, and mixture. Let nj — the number of solid particles per 
cubic centimeter. Then the weight of the particles in 1 cc. is equal to 


4 » _ mp 

3 100 


Moreover 


for hexi^nal close packing. Hence 

(r±^2j:_74 , + 

pat* mp L WP J 


Hence 

where 


d^2r{x- 1) 

\mp/ 


( 10 ) 


( 11 ) 


X 


( 12 ) 



m 


B. annniNBOK bbadlet 


Henoe 




^ce 


3 y1n,r ^ 2«.5«.r 


8 rf-« 


(d/2)- 


I V3(B« - - 2B„) ^ _ Dj--. 


+ 


4Batt 


V^4*Mr(* - 1)1" 


3 (Bag — BtL — 2Bax.) , Bat 

16 »*r{2r(* - 1)]-^ -v/3**r[r(® - Df"* 


( 13 ) 


= 2 2 
V3(d + 2r)* “ Vs 4r*x* 

Hence, when n ■> 7, which is the value deduced using quantum mechanics 

( 10 ), 

' “ * ^(x -l) -Bu.- 2Bsl) + (14) 

Equation 14 sugg^ts that if l/(x* — x*) is plotted against v — va a straight 
line should be obtained. This was indeed found to be true for carbon in 
parafiSn, for which most data were accumulated, except for low values of x, 
for which the theory must necessarily be inaccurate on account of the large 
distance between particles and the thickness of the liquid film between 
than; the consideration merely of pairs of particles is then very inaccurate. 
The calculated values of l/(x* — x*) taken from the straight line are seen to 
agree reasonably well with the observed values in table 1. 

Hie value of p was calculated frmn the densities of liquid and solid 
assuming additivity of voliunes. It was found that 

d(<r - <ri,)/dll/(x* - x»)] - 147.1 

Unfortunately no satisfactory metiiod exists for calculating Bn; if 
such a method were available it would be possible to infer the surface 
energy of the solid. A simple theory which allows only for attractive 
forces gives 

vfi'X _1 (n - 6) o _L 

_ 3 )(« - 4)(n - 6) d?"* 

where da hi the least distance betweoi the coiteiB of mdecidet (1). An- 
tonow’s rule clearly does not ap{dy, fm if the interfacial surface energy is 
tile differoiee between tiw surface enerpes (rf the two phasw in equilibrium. 
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tile work of adhesion of solid to liquid will be twice the surface energy of 
the phase of smaller surface energy, which is invariant with respect to the 
other phase. A method of computing Bst is possible if we follow London 
and write 


Xw a aiffi = IiJt/{Ik + /i) 

where the a’s are polarizabilities and the /’s characteristic potentials. 

With the metallic oxides the analysis is more complex, since the ionic 
lattice will give a law of force of an exponential nature. However, it is 
interesting to notice that the slope 

d(<r - <rL)/dll/(x^ - **)] 

is considerably greater than for carbon, as would be expected. 

The low viscosity of the solvent prevents any considerable aggregation 
for short times after mixing. Moreover, if aggregation did occur to any 
considerable extent particles of pure liquid would be left, and the break 
would occur across these, giving a = ai.. A second possible error arises 
from the penetration of the liquid into the particles. This is not likely to 
be considerable under the conditions of the experiment, for the particles 
contain considerable quantities of air before immersion in the liqxiid. 
Only the air loosely held between the particles will be removed by the 
evacuation adopted with the mixture of particles and liquid. 
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SOAPS AND SIMILAR LONG-CHAIN DERIVATIVES AS SIMPLE 
HALF-STRONG ELECTROLYTES IN DILUTE SOLUTION 

. JAMES W. McBAIN 
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, Received October t7, 19S8 

In the years from 1913 to 1920 we based the existence of colloidal electro- 
lytes upon a comparison of osmotic and conductivity data in solutions of 
moderate concentration. Very dilute solutions were not studied more 
especially, on account of the complicating efifects of hydrolysis which 
ordinary soap solutions there display. Our later work, first with Reych- 
ler’s cetanesulfonic acid and then with the other more soluble straight- 
chain sulfonic acids, showed these to be w'holly similar to ordinary soap 
solutions. Moreover, dilute solutions could be studied because hydrolysis 
is impossible (10). 

Our interpretation of soaps as being simple electrolytes in dilute solution, 
but aggregating with concentration to become colloidal electrolytes, com- 
prising slightly charged molecular aggregates and small but highly charged, 
and excellently conducting, ionic micelles has long since become familiar. 
The actual occurrence of the plate-like neutral micelles has been definitely 
proven by x-ray examination of clear, transparent, alkaline, isotropic, 
fluid solutions of sodium oleate, whether at rest or streaming (4, 9). 
Likewise the diffusion data of M. E. Laing McBain' clearly necessitate 
the existence of two kinds of colloid for their*explanation. 

The formation of ionic micelles was also rendered plausible by the fact 
that the aggregation of like ions to a larger radial spherical aggregate at 
once increases the conductivity by several fold and separates these mutu- 
ally repellent charges on the same ionic micelle -to a greater distance apart 
than they would have occupied as single ions distributed uniformly through 
the solution, whilst also satisfying the tendency for the paraffin tails of 
these ions to agglomerate through van der Waals’ forces. Such greatly 
increased conductivity is required to reconcile the fact that in concentrated 
solution the total free sodium ions revealed by the osmotic data would 
account for only a minor fraction of the actual conductivity, lea-ving a 
major fraction due to colloidal anions. These colloidal anions could not, 
as a comparison of freesing point data -with conductivity data requires, 
carry such enhanced conductmty if they were loaded down either with 

* An>**dus in Prop. Roy. Soc. (London) 170 (1939). 
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added molecules or with ions of opposite charge. Thus, Howell and 
Kobinson (5) well point out that if n univalent spherical ions (of like 
charge) coalesce to form one spherical micelle carrying the n charges, then 
it follows from Stokes’ law that the conductivity of the micelle will be n*^* 
times as great as that of the sum of the n individual ions. However, they 
have evidently fallen into error in concluding that a complex ion containing 
three sodium ions and four anions, with a total negative charge of only one 
on the univalent complex, will conduct several times faster instead of 
several times more slowly than a single anion not so loaded. 

Recently, however. Hartley (2) and Adam (1), while retaining the 
concept of colloidal electrolytes as association colloids one of whose con- 
ducting constituents is a simple ion, have rejected some of this previous 
interpretation. They have done this partly by omitting consideration of 
the osmotic data, that is, the lowering of the freezing point or of vapor 
pressure, in the restricted region to which the present discussion calls 
attention. 

It is the object of this paper to recall the fundamental validity and in- 
evitability of the comparison of osmotic data with conductivity data in 
our definitions of crystalloids, electrol 3 rtes, and cc^loidal electrolytes. 

Hartley has replaced the constitution diagram of McBain and collabora- 
tors in the upper half of figure 1, based upon the necessity of harmonizing 
freezing point and conductivity, with the freer sketch in the lower half of 
figure 1, based upon conductivity alone and incompatible with the osmotic 
data for the region here emphasized. 

Figure 1 shows clearly the difference in the predicted lowering of the 
freezing point in this region necessitated by McBain’s diagram in the 
upper half of the figure as compared with that requisite for Hartley's dia- 
gram in the lower half. Taking, for example, the iV/100 solution. Hartley 
has practically all the oleate and the greater part of the potassium locked 
up in colloidal form, leaving only 36 per cent of the potassium ion as the 
sole depressant of the freezing point. Hence the predicted lowering of 
the freezing point is 0.36 X 0.01 X 1.858®. On the other hapd, the 
McBain diagram rightly or wrongly represents 51 per cent as simple ions 
with 44 per cent as simple ion-pairs or molecules, requiring a freezing point 
lowering of (0.51 + 0.51 -H 0.44) X 0.01 X 1.858®, a value four times 
greater than that of the Hartley diagram. Although Hartley stipulates 
that his figure is not strictly drawn, it serves to illustrate the point that 
there is a contradiction between the two diagrams in their pre^ctions or 
requirements as to osmotic data in this region. For the same conductivity 
the upper diagram would require a much greater osmotic effect, which 
could only be satisfied by osmotically active but non-conducting material 
such as molecules or simple neutral ion-pturs. 

There are four regimis of concentration. In the first or most dilate 
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all agree that the soap is practically completely ionized, and this is shown 
by both conductivity and osmotic data. Instead of assuming only 
simple ions, the author considers that at least some ionic micelle is already 



Fio. 1. Constitution diagram for potassium oleate solutions. The upper half 
of the figure is a diagram of McBain and collaborators. The vertical depth of each 
field gives the fraction of the oleate ions in the specified form. The lower half of the 
figure is a diagram (reference 2, page 57, figure 12) drawn by Hartley in accordance 
with the theory outlined in his book. The vertical depths of the two fields give the 
fractions of the ions in simple or aggregated form. Line 01 refers to oleate ions and 
line K to potassium ions. The depth of the shaded area gives the fraction of oleate 
as covalent acid. Quantitative representation has not been attempted. The 
annotations in handwriting are by J. W. M, 

being formed. In the second region, that discussed in this paper, just 
after the ‘^critical concentration for micelles^^ has been reached, the con- 
ductivity is falling sharply but the osmotic effects are not falling with 
corresponding rapidity. Hence in this second region the osmotic effects 
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are mudi greater than the conductivity effects, and the differoice, as will 
be seen, can only be accounted for in terms of molecules or simple ion- 
pairs fonning in appreciable amount as a precursor to colloid. In 
the third region conductivity and osmotic effects both fall rapidly, but 
the more rapid fall of the osmotic data proves the formation of the colloid, 
termed neutral colloid by McBain, which conducts poorly as compared 
with the simple ions and is not uncharged but only relatively poorly 
charged. In the fourth region both conductivity and osmotic effects, 
having passed through a minimum, increase strikingly. Now the osmotic 
effects fall so far hehw the conductivity that McBain found it necessary 
to postulate the formation of the highly chfirged, excellently conducting 
“ionic micelle” in amount steadily increasing in concentration until its 
properties dominate those of the neutral miceUe, which was rather sud- 
denly formed in the second and particularly the third regions. The dis- 
cussion of osmotic data by Hartley (2, pages 54-56) and Adam (1, page 
110) refers only to the third or fourth region and overlooks the second 
region where colloid is about to form. 

Hartley does not recognize the molecules or ion-pairs of the second re- 
gion. He has unfortunately used, until recently, the term “ionic micelle” 
for a single kind of colloid particle of changing degree of dissociation or of 
“electrical neutralization” and intermediate between the ionic micelle and 
the neutral micelle, but, like the latter, not strikingly different from any 
charged colloidal particle. His micelle is not that shown by x-rays (4, 9), 
but is a spherical liquid mass consisting typically of fifty anions and thirty 
cations with the other twenty cations being free in the surrounding solution. 

THE CHARACTEBIZATION OF CBT8TALLOID8 AND OF WEAK, STRONG, AND 
HALF-8TRONO ELECTROLYTES BY COMPARISON OF OSMOTIC DATA 
(») WITH CONDUCTIVITY (a) 

A crystalloidal non-electrolyte is defined as a substance whose solution 
exhibits inappreciable conductivity but completely developed osmotic 
properties. It is convenient to define the osmotic behavior in terms of 
Bjerrum’s osmotic coefficient g, which is 1 minus Lewis and Randall's j 
or h. Still more convenient for the present purpose is to adopt van’t 
Hoff’s single standard i, which for uni-univalent electrolsrtes is 2g. For 
freeing point lowering 9°, i » 0/1. 858m, where m is molality or weight 
normality and 1.858 is the molar freezing point lowering of an ideal non- 
electrolyte. Similarly, the conductivity may be indicated by a, either 
the Arrhenius a, the observed molar conductivity divided by that of two 
completely dissociated ions at infinite dilution, or a,, the ratio of the ob- 
served molar conductivity to that of the fully dissociated ions corrected 
,,for inteirionic attraction and other effects. 

Thus a cr 3 mtalloidal non-electrolyte is defibaed by « » 0, combined with 
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t « 1, within experimental or methodical error. It will be noted that 
here the presence of simple molecules is recognized by the fact that i =? 
1 + a. Had i been 0.5 instead of 1, we should have postulated double 
molecules, and had i been a minute fraction of unity, we should have 
spoken of colloid and not crystalloid. 

The chief point to be brought out in this note is that for a partially 
dissociated substance, if t = 1 + a, we are bound to recognize the presence 
of simple molecules or of their equivalent, simple ion-pairs. The remainder 
of this communication will be confined exclusively to solutions and regions 
where t = 1 + a, as in acetic acid, dichloroacetic acid, and certain con- 
centrations of soaps and long-chain sulfonic acids where, consequently 
and necessarily, there is practically no colloid present. 



Fig. 2. Relative conductivity (a) and relative freezing point lowering (i) of 
aqueous dichloroacetic acid, showing t 1 -f 

A typical familiar half-strong electrolyte is dichloroacetic acid. The 
values of a and i shown in figure 2 are those given in the International 
Critical Tables (6). The two outstanding characteristics are that over 
the whole range of concentration a is neither 0 nor 100 per cent and that 
t is 1 + a* By no exercise of ingenuity can we reconcile these data with 
presence of colloid or with absence of simple molecules. This conclusion 
is especially cogent where a is in the middle of the range such as 60 per 
cent, and the simple molecules must therefore be recognized as present 
to the extent of between at least 35 to 40 per cent, or 1 — a after the 
experimental a has been corrected for all possible influences. This 
follows equally from the value of i — 2a similarly corrected. Any attempt 
to introduce colloidal particles, whether uncharged, slightly charged, or 
highly charged, or all varieties together, fails to satisfy both i and a 
simultaneously, for either i would have to be diminished or a would have 
to be increas^ and the spread between them made less than unity. To 
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replace simple molecules or ion-pairs by colloid of any seal, would require 
that the values of i are in error to the extent of 1 — a. Dichloroacetic 
acid is therefore a simple, half-strong electrolyte consisting essentially 
of the simple molecules and the simple ions. Dissociation is complete 
in dilute solutions, i being 2 for 0.0025m, and a approaching 100 per cent 
at 0.000012m. Corrected for interionic attraction both these values 
would practically reach their upper limit in distinctly less dilute solutions. 

SOAPS AND LONG-CHAIN DERIVATIVES AS SIMPLE PARTULLY DISSOCIATED 
ELECTROLYTES IN A LIMITED RANGE OF SOLUTION 

It is interesting now to turn to soap solutions in that restricted, more 
dilute range in which, exactly as in the ca.se of dichloroacetic acid, i = 
1 -f a and where, therefore, we are forced to recognise as appreciable 
constituents only simple molecules or simple ion-pairs and ions. Instead 
of simple molecules we may prefer simple neutral ion-pairs of the same 
formula and weight. These are the regions in such diagrams as that of 
figure 1, where we had to repre.sent the soaps as being partially dissociated 
mixtures of simple molecules and simple ions for the cogent reasons just 
adduced. In still more dilute solutions only ions are left (and in more 
concentrated ranges colloid enters and soon predominates as shown in 
fiigure 1). Discussion of these more concentrated regions will be given 
elsewhere. 

The meagre available data® in this region are given in figures 3 and 4 for 
potassium hexoate, potassium octoate, pota.ssium decoate, and potassium 
laurate at OO^C., and for potassium octoate and potassium laurate at 
18®C. and O^C. The dew point method at 90®C. did not allow solutions 
below 0.2^?" to be measured, and at 0®C. many soaps are either too insoluble 
or too hydrolyzed for study; a dozen years ago there was no particular in- 
terest in making these measurements. The freezing point data at 0®C. are 
combined with conductivity data at 18®C. or 25“C. Corrections of a and 
of i for Debye-Htickel effects do not appreciably alter the main point, 
which is that i exceeds a substantially by unity and also substantially 
exceeds 2a. The latter balance, like 1 — a, necessitates the recognition of 
the presence of a corresponding proportion of simple molecules or ion-pairs. 

The data in figure 3 are taken from the lowering of the dew point; those 
in figure 4 from the lowering of the freezing point, the values i = 1.56 and 
1.78 for 0.5m and 0.25m potassium octoate having been obtained by 
Ts-Ming Woo with a simplified Beckman method. 

After viewing figures 2 to 4, it is evident that the McBain diagram in 
the upper half of figure 1 was drawn by interpolation of the experimental 
freezing point measurements between the lowest concentration actually 

* For references see 7 and especially 11 and 12. 
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measured and infinite dilution, in conformity with the osmotic data of 
the other soaps actually measured. On the other hand, Hartley's diagram 
in the lower half of figure 1 has been drawn speculatively to express a 
hypothesis, without reference to osmotic data. His diagram requires 
that the value of i be equal to that fraction of unity lying between the 
two curves labelled ‘‘01" in micelle and “K" in micelle, this difference 
being equal to the free potassium ions which are supposed to be the only 
crystalloidal materials present. Hence his diagram carried the prediction 
that i is approximately equal to a, instead of being in fact, as in figures 
2 to 4, 1 + a. Imperfect as some of the osmotic data are, this is an 
impossibly great error to be assumed in any or all of them. 




Fia. 3. Relative conductivity (o) at 90°C. and relative dew point lowering (i) 
of homologous series of potassium soaps in dilutions where t » 1 + «. 

Fig. 4. Relative conductivity (a) at 18®C. and relative freezing point lowering 
(<) of potassium octoate and potassium laurate, in dilutions where i » 1 + a. 

Soaps behave from the standpoint of ionic strength as uni-univalent 
electrolytes, as has been shown by the additional conductivity and lower- 
ing of freezing point, etc., imparted by other added electrolytes. The 
charges on the colloidal particles, including those on the ionic micelle, 
are spaced so far apart that they are practically independent of each 
other, in accordance with calculations of Simms, Debye, and others.® 

The writer considers that even in the most dilute soap solutions there 
is at least a trace of colloid present, but that this does not exceed a very 
low percentage until just above the limited region discussed in this com- 
munication. 

A very few sulfonic acids (8) show in dilute solution the conductivity 

*Far data and references see McBain and Searles (18). 
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expected from the Chisager value, and a few exhibit a still greater 
conductivity. Moilliet, Collie, Robinson, and Hartley (14) found an 
apparently normal conductivity for metabenzopurpurin in the first 
region, although they had shown colloid to be present, and with methylene 
blue the conductivity in dilute solution rose above its value for in^te 
dilution. Conductivity alone is therefore no sure criterion. 

The point has been raised that sodium salts are otherwise all supposed 
to be 100 per cent ionized. However, we may remember the uni-univalent 
salt sodium metaphosphate, which dissolves with very great difficulty in a 
million or more parts of water, and yet, after being heated to the glassy 
state, becomes so freely soluble that it is almost miscible with water. 
However, it is now no longer a uni-univalent salt, but a partly dissociated 
complex molecule known as Graham’s hexametaphosphate or Calgon. 
In fact there is a whole series of these polymers of sodium metaphosphate 
and of sodium p3rropho8phate, each of which has distinctly different 
properties, as is shown in selective industrial applications. 

SUMMARY 

Reexamination of the experimental evidence obtained for soaps em- 
phasizes the fact that the reinterpretation of colloidal electrolytes re- 
cently suggested in several quarters has been based upon a failure 
to consider, in the r^on of concentration to which this communication 
is especially devoted, the osmotic data obtained from experiments 
on the freezing point and lowering of vapor pressure. The reinterpre- 
tation is incompatible with these thermodynamic data, because the 
osmotic effects are here far greater than can be accounted for by colloid and 
simple ions as deduced from conductivity. 

Such solutions are very like those of dichloroacetic acid, and, as in this 
case, the combination of observed conductivity with observed osmotic 
measurements proves that simple molecules (or simple neutral ion-pairs of 
identical formula) and simple ions, and only these, are present in sub- 
stantial amounts. These precede the formation of neutral micelles. In 
this range the solutions contain not more than a very slight amount of 
colloid, probably ionic micelle. 

It 'is pointed out that in much higher concentrations, where ag^egation 
to colloidal electrolytes has occurred and the relation between conductivity 
and osmotic data is reversed, the neutral micelle of McBain and col- 
laborators has been confirmed by x-ray observation, and that this, together 
with the ionic micelle likewise postulated, is still the most plausible 
explanation of all the evidence for all cohcentraticms. 
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Apart from the small amounts of oh'otrolytes that arc present in 
distilled water, there are also present small quantities of organic and in- 
organic colloidal material. For ordinary purposes the latter may be 
neglected, the specific conductivity being taken as a measure of the degree 
of purity. When the conductivity Is lesvS than 10“® reciprocal ohms, the 
water is referred to as “conductivity water”, and is considered sufficiently 
pure for most purposes, even the more exacting. 

In some few cases, however, this measure of purity is of little value. 
For instance, in the pr(»paration of colloidal gold by reduction with for- 
maldehyde, traces of c(Ttain foreign substances in the water have the 
effect of preventing th(‘ formation of fine-grained stable sols. The action 
of these substances is unknown, but apparently they slow down the 
velocity of nuclei formation with the result that crystallization, once it 
begins, is so rapid that the gold particles become too large to remain in 
colloidal suspension. 

The amount of inhibitory material bears no relation whatsoever to the 
spe^cific conductivity. Indeed, relatively large amounts of electrolytes 
are permissible, and actually are present, during the formation of the sol. 
In spite of this, it is known that certain specific electrolytes arc quite 
harmful, even in small amounts. For example, it has been shown by 
Zvsigmondy and Thiessen (10), Hiege (4), and Reitstotter (9) that the 
addition of ammonia, hydrazine sulfate, or potassium ferro-, ferri-, or 
nickelo-cyanide will inhibit the formation of fine-grained sols. More 
recently, Freundlich and Steiner (3) have shown that the same electrolytes 
have an inhibitory action on the preparation of colloidal silver. 

Furthermore, there is evidence that certain colloidal substances have a 
similar harmful effect. Zsigmondy and Thiessen (10) have demonstrated 
the inhibitory action of traces of colloidal silica, which explains the im- 
possibility of purifying water by redistillation through soft glass condensers. 
Also, in our owm laboratories we have found that copper boilers contribute 
small amounts of colloidal copper oxide, which are decidedly harmful. 

As certain amounts of colloidal material are invariably carried over 
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during distillation, it is possible that the major inhibitory substances in 
distilled water are cplloidal in nature. This view is supported by the 
results outlined below. 

THE STANDAKD TEST FOB THE WATEB 

All samples of water were subjected to a standard test in order to 
determine whether they would yield fine-grained gold sols with formalde- 
hyde as the reducing agent, the formaldehyde-reduced sol being probably 
the most sensitive to the retarding influence of traces of inhibitory material. 
The samples of water which yielded fine-grained homodispersed sols are 
in this paper referred to as positive, whilst those which failed to yield good 
sols are called n^ative. 

In order to obtain comparable results, the details of preparation must 
be rigorously standardized. The method of Cruickshank (1) was adopted, 
special care being paid to the manner in which the formaldehyde was 
added, particularly at the instant when the nuclei began to form. The 
conditions at this instant seem to determine the subsequent stability of 
the sol. 

The usual shaking or swirling was replaced by motor-stirring at constant 
speed. By standardizing the technique in every detail, it was possible to 
reveal quite sensitive variations in the water. 

THE EFFECT OF FREEZING 

It is known that if a solution be frozen and then thawed, the various 
soluble substances, including the electrolytes, remain in solution, whereas 
the colloidal material, particularly the hydrophobic, is largely coagulated 
(2, 7). Experiments were conducted to see if the freezing treatment could 
be used to throw any light on the nature of the inhibitory substances in 
distilled water. It was found that, in many cases, negative water could 
be changed completely to positive simply by freezing and thawing. Owing 
to the very small amounts of impurities concerned, it proved necessary to 
observe the following precautions: (1) The water must be slowly frozen 
from the outside inwards, so that the colloidal material will be gradually 
concentrated towards the center and there finally coagulated. { 2 ) The 
frozen -solution must be kept at low temperature for at least 24 hr. befmre 
thawing, thus making sure that the fine interstitial films have become 
completely crystalline. { 3 ) Small quantities of water give the best results. 

The positive results obtained by this method showed that, in certain 
cases at least, the inhibitory substances were hydrophobic colloids. In 
those cases where the water failed to respond, the inhibitory substances 
may have been electrolytic in character, or, more probably, easily peptized 
^hjr^ophilic colloids. 
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THE EFFECT OF STANDING 

A low colloid concentration plus an extremely low concentration of 
electrolyte is in general unfavorable to the stability of hydrophobic sols. 
From this it would appear that distilled water would gradually improve 
merely on standing. This proved to be the case. Various samples of 
water, particularly those which had been distilled from copper boilers 
(using block tin condensers), were changed from negative to positive by 
standing in stoppered Pyrex flasks for periods of about two weeks. It so 
happened that these samples were the ones that gave best results by 
freezing, but with the latter process the improvement was always more 
pronounced. 

The action that proceeds on standing is not simply a gravimetric precipi- 
tation of the larger particles; it is more in the nature of an irreversible 
coagulation, since the inhibitory substances arc not redispersed when the 
water is shaken. 

Again the results point to the presence of hydrophobic colloids. 

GBADES OF COLLOID-FBEE WATEB 

It proved desirable to estimate the relative quantities of colloidal 
material in different samples of distilled water. The “Tyndallmeter” 
was of no use, since it failed to reach the limits desired, whilst the ultra- 
microscope revealed but a weak diffused cone with here and there an 
occasional bright particle, probably dust. The work in this paper con- 
cerns itself only with the colloidal material which is harmful to the produc- 
tion of fine-grained gold sols. With this limitation, it is at least possible 
to assign grades to different samples of positive or negative water, either 
by ultramicroscopic observation of the size of the reduced gold particles, 
or more directly by observing the ease of formation of the particles and the 
particular color of the sol. In this way it becomes possible to speak of the 
water as having been more or less improved by treatment. For instance, 
the freezing process invariably improves the water, although it does not 
necessarily change it completely to positive. 

BED18TILLATION 

Distilled water can be further freed from both electrolytes and colloidal 
impurities by redistillatibn. A second distillation usually produces posi- 
tive water, so long as extraneous impurities (from the condenser etc.) are 
excluded. This is the usual method adopted in preparing water for the 
production of reduced gold sols as used in the Lange test (5), although the 
technique recently developed by Pennycuick, Woolcock, and Cowan (7) 
is to be preferred. 

Instructions concerning the preparation of gold sols (6) invariably 
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recommend the use of “freshly distilled” water. This direction is un« 
necessary, as our results show that distilled water, instead of deteriorating, 
always improves on keeping. Accordingly the water to be used in the 
preparation of gold sols, may, and in fact, should, be allowed to stand un- 
disturbed in a stoppered Pyrex container for some weeks before use. 

THE .VcTION OF STANNIC CHLORIDE 

Stannic chloride in acid solution gives rise to tetravalent stannic ions. 
It also gives rise, by hydrolysis, to small amounts of positively charged 
colloidal stannic oxide, whose constitution may be represented by 
(a:SnO»'ySnO]*» +. Both the colloidal oxide and the stannic ions are good 
’ coagulants of negatively charged colloids. 

In weakly basic solution the hydrolysis of stannic chloride proceeds to 
completion and the colloidal stannic oxide suffers a reversal of charge, 
being peptized by the free base to form negatively charged particles whose 
constitution may be represented by [xSnOj-ySnOa]**' -. Such particles 
are active coagulants of positively charged colloids. 

A series of experiments was carried out to see whether very small 
amounts of stannic chloride could be used to coagulate the inhibitory 
material in distilled water, and, if so, to determine the most favorable pH 
range. This was designed to give some insight into the nature of the 
charge carried by the inhibitory material. 

The results showed that when the pH of the water was kept below 7, the 
addition of stannic chloride had no effect, but when the pH was adjusted 
to values above 7, negative water was either markedly improved or else 
completely converted to positive. Very small amounts of stannic chlo- 
ride, as small as one part in ten million, were sufficient, the most favorable 
pH range being from 9.7 to 10.3. Over this range the colloidal stannic 
oxide is undoubtedly negatively charged, and hence it is evident that the 
inhibitory material carries a positive charge. 

The adjustment of the pH of distilled water by the addition of a little 
hydrochloric acid or potassium hydroxide may appear anomalous, but it 
must be pointed out that the water is to be used solely for the preparation 
of colloidal gold, in which case its pH is always adjusted to about 10 be- 
fore the addition of the formaldehyde. 

An effort was made to obtain some measure of the actual quantity of 
inhibitory material in a given sample of water by determining the minimum 
amoimt of stannic chloride necessary to change the water from native 
to positive. When quantities smaller than that stated above (one part 
in ten million) were used, positive results were often obtained, but the 
general behavior was variable and unreliable. On the other hand, when 
larger amounts were used, up to a limit of one part in one million, the 
^results were quite satisfactory. The latter amounts are obviously exces- 
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sive, and the conclusion may be drawn that negatively charged colloidal 
stannic oxide does not itself act as an inhibitory colloid. 

SUMMARY 

Some at least of the substances in distilled water which inhibit the forma- 
tion of formaldehyde-reduced gold sols are positively charged hydrophobic 
colloids. Their inhibitory effect can be reduced and sometimes completely 
removed by (a) allowing the water to stand undisturbed for some weeks, 
(6) freezing the water, and (c) adding very small amounts of stannic chlo- 
ride at pH between 9.7 and 10.3. 

The authors are indebted to the Trustees of the Endowment Fund of 
the Council for Scientific and Industrial Research of the Commonwealth 
of Australia for a grant for the purchase of the gold used in this work. 
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Swelling is nf fundamental importance in cellulose chemistry, and, as 
pointed out by Katz (11), one of the most satisfactory experimental 
methods for studying tht^ intimate mechanism of s^\elling is by x-ray 
diffraction analysis. Th(‘ pre.sent investigation was undertaken to obtain 
more information concfTiiing the swelling action of quaternary ammonium 
hydroxides on cellulo.se fibers. 

In the pre.s(uit work it was found that (‘crtain of the quaternary am- 
monium ba.ses rea(;t to form a “swelling compound^ or complex with the 
crystalline cellulo.s(\ as indicated by the appearanc(‘ of a new x-ray diagram 
(.s(H‘ figures 2A and 2C^). This (‘hange in lattice structure is accompanied 
by a slirinkag(‘ of th(* fiber length and a noticeable increase in fiber di- 
ameter, as shown by a (‘omparison of the photomicrographs in figures lA 
and IB. UiMin n'liioval of the swelling agent the fiber shrinks in diameter 
(figure IC) and th(‘ diffraction pattern reverts to that of mercerized or 
hydrat(‘ c(*llulose (figure 2F). 

The quaternary ammonium hydroxides investigated are listed in table 1. 
The action of the.s(' n^agents may be divided into three more or less over- 
lapping steps: («) swelling of tlu* fiber and formation of a complex which 
gives a new crystalline x-ray diagram, (6) further liquid imbibition during 
which the fiber continues to swell and the x-ray diagram of th<' complex 
is displaced by an amoridious or liquid i)attern, and (c) fiber dispersion in 
the excess reagent. This j)aper is concerned primarily with the formation 
and behavior of the (pjaternary ammonium hydroxide-cellulose complex, 
as indicated by x-ray diffraction analysis. 

Retni w of literaturi 

The action of quatc'rnary ammonium hydroxides on cellulose appears 
analogous, in some respects, to that of certain other bases whose swelling 
compounds with cc'llulose have been studied with x-rays. 

* PrescMited before the Division of Cellulose Chemistry at the Ninety-fifth Meeting 
of the American ('hemieal Society, held at Milwaukee, Wisconsin, September 5-9, 
1938. 
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Fig. 1. Photomicrographs of flax fibers showing the swelling action of quaternary ammo- 
nium hydroxides (X 460). A. IJnswollen fiber. B. Same as figure lA after swelling in 
trimethylbenzylammonium hydroxide (swollen fiber structure made visible by adding water). 
C. Same as figure IB after removing swelling agent with dilute hydrochloric acid. 



Fkj. 2. Diagrams illustrating changes in x-ray diffraction pattern wlnm flax fibers are impreg- 
nated with quaternary ammonium hydroxides. A. Native flax fibers before treatment. li. Fi- 
bers partially impregnated \Nith tetramethylaminonium hydroxide. (’. Fibers completely 
impregnated with tetramethylaminonium hydroxide. D. Fibers impregnated with dimethyldi- 
benzylammonium hydroxide. K. Same as figure 2D after being heated for 3 hr. at 100“C. 1. 

Same sample as figure 2E after treatment with dilute hydrochloric acid and washing with water. 
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The mercerizing action of sodium hydroxide and other alkali hydroxides 
on cellulose has been known for a long time, and the addition compounds 
of cellulose and sodium hydroxide (soda-celluloses) have been studied 
very carefully by many investigators (8, 16). Carbon disulfide has been 
reix)rted to react with soda -cellulose I during xanthation to form a prod- 
uct that vshows a characteristic x-ray diagram (14, 15). Cellulose has 
also been reported to form two cellulose- copper compounds when swollen 
with cuprammonium hydroxide (10, 18). In all of the above eases, upon 
removing the swelling reagent th(‘ x-ray diagram reverts to that of mer- 
cerized or hydrate cellulose. 

Trogus and Hess (19) made a study of the action of aqueous solutions 
of hydrazine, ethylenediamine, and tetramethylenediamine on cellulose' 
and found that swelling compounds are formed which give' definite x-ray 
diagrams, the nature e)f which elepenels e)n whether native e*ellulose or 
mercerized cellulose is useel as the starting material. Upe)n removing the' 


TABLH 1 

Quaternary ammonium hydroxides 

NAME OF RKAOENT | I'OHMULV NORMALITY 


Tetramethylammonium hydroxide 

X(CH,)40H 

2 

0 

Tri inethylethylammonium hydroxide 

S(VHMC2n,)OH 

1 

9 

Trimethylbenzylammoniuiti hydroxide ' 

X(CHs)3(CH.>C^H5)OH 

1 

6 

Dimethyldibenzylammonium hydroxide ; 

N(CH3)2(CH2C6H5)20H 

1 

15 

Choline. . . | 

H0(CH3)8NCH2CH20H 




reagent, x-ray diagrams of the e)riginal materials, e*ithe'r native or mer- 
cerized cellulose, were obtained. The interaction e)f ce'llulose with a serie's 
of non-aqueous alkyl amine's has been repe)rte'el by Barry, King, and 
Peterson (2). 

Ammonium hydroxide does not affect the lattice' structure e)f e*ellule)S(‘, 
but it has been shown by several investigators (3, 5, 7, 9) that liejuid 
ammonia reacts to form an ammonia ce'llulose comple'x. Barry, Pe'terson, 
and King (3) found that this comple'X, upon heating, formed a new modi- 
fication. Clark and Parker (5) showed the 101 planar extension te) be a 
function of the ammonia content. Hess and ce)we)rke'rs (7) found two 
further modifications at '-20®C. and — 30°C. 

The action of quaternary ammonium hydroxides on cellulose has not 
heretofore been studied by x-ray diffraction methods. Their fiber-dis- 
persing properties, however, have been discussed by Lieser and L('(*kzyck 
(12), and Bock (4) has described a new method of preparing water-soluble 
cellulose ethers based upon th(i alkylation of ce'llulose filx'rs dispersed in 
these reagents. 

Although all of the above basic reagents are similar in that they form 
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complexes with crystalline cellulose, as indicated by a new x-ray diagram, 
they differ greatly in their fiber-swelling and fiber-dispersing properties. 
In reagents such as the diamines or sodium hydroxide the fiber swelling is 
limited, while in others, such as cuprammonium hydroxide or the quater- 
nary ammonium hydroxides, swelling continues until the fiber is disrupted 
and finally dispersed in the reagent. The fiber-dispersing properties of a 
reagent, therefore, appear to depend not only upon its ability to form a 
complex, but also upon the mechanism of its swelling action. 

UATERIALB AND METHODS 

Commercially purified fiax fibers in the form of linen thread were used 
as a source of cellulose in the present investigation, since they gave a 
well-oriented pattern which agreed well with the data for native cellulose. 
Kier boiled and bleached ramie and cotton fibers were also used to check 
the results. The mercerized fibers were prepared by treatment with 18 
per cent sodium hydroxide and were then washed and dried. Prior to 
treatment, the fibers were placed parallel in bundles about 1.5 mm. in 
diameter, which were kept under slight tension by being clamped in a 
stretching frame. This simple device is a slight modification of that used 
by Astbury and Street (1) for stretching wool fibers. 

Fibers mounted in this fashion were treated dropwise at room tempera- 
ture with one of the quaternary ammonium hydroxides, care being taken 
to impregnate the fibers as uniformly as possible. Usually from four to 
six drops of base were found sufficient to effect a change in the x-ray dia- 
gram. Too much base, especially in the case of dimethyidibenzylam- 
monium hydroxide, was likely to change the fiber material into a gummy 
mass which no longer gave a distinct fiber pattern. Patterns were taken 
of the fibers after treatment with the organic bases, after the impregnated 
fibers had been heated at different temperatures for varying periods of 
time, and after both the heated and unheated samples were treated with 
dilute hydrochloric acid and water. Impregnated samples were also 
allowed to age for several months in order to determine the stability of the 
compound. As a starting point for the present work, the concentrations 
of the tetramethyl-, trimethylethyl-, trimethylbenzyl-, and dimethyldi- 
benzyl-ammonium hydroxides were about 33, 36, 40, and 40 per cent, 
respectively. 

X-rays were obtained from a Philips Metalix tube, copper anode, operat- 
ing at 28 kilovolts and 25 milliamperes. The rays were defined through a 
pinhole system using 0.020-in. and 0.025-in. pinholes placed 10 cm. apart. 
In studying the effect of various physical and chemical factors the speci- 
men-to-plate distance was 4 cm. and the length of exposure was from 
to 2| hr. The measurements of interplanar spacings were made with a 
sample-to-film distance of 9 cm. and a 4-hr. exposure. 



692 


WAYNS A. BISSON AND WILLIAM B. SANER 


Although both products give the same type of x-ray diagram, the term 
“merca*ised’’ is used to designate fibers treated with sodium hydroxide, 
while ‘‘hydrate’’ refers to material obtained after removal of the quater- 
nary ammonium hydroxides. 


RESULTS 

Of the five bases tried (table 1), the tetramethyl-, trimethylethyl-, tri- 
methylbenzyl-, and dimethyldibenzyl-ammonium hydroxides were capable 
of changing the lattice of both native and mercerized cellulose. Choline, 
which contains a substituted hydrocarbon group, produced no change in 
the diffraction pattern of cellulose. 

Change in x-ray diagram 

The change in x-ray diagram may be divided into three steps. When 
very little base is added, the pattern is that of either native or mercerized 
cellulose, depending upon the starting material (figure 2A). At the other 
extreme, when sufficient base is added, the pattern is that of the modified 
cellulose complex (figure 2C). Between these two extremes the patterns 
may indicate the presence of the original cellulose and of the modified 
cellulose existing together in the same sample (figure 2B). As the new 
diagram of the swelling compound is formed, that of the original cellulose 
loses in intensity. 

The final x-ray diagram of the quaternary ammonium hydroxide - 
cellulose complex consists of a crystalline pattern which in most cases is 
superimposed upon an amorphous pattern. This dual nature of the x-ray 
diagram apparently arises from the dual structure of the fiber, which 
consists of cellulose crystallites and an intercrystalline or cementing 
material. The sharpness of the crystalline pattern of the swelling com- 
pound indicates a crystalline structure as well defined as that of the original 
cellulose. If the fibers are not permitted to shrink perceptibly during 
impregnation and excess reagent is not added, the orientation of the 
crystalline pattern may be quite as perfect as that which exists in the 
original fibers. Since the intensity of the amorphous pattern is related to 
the amount of reagent added, the pattern probably arises partly from 
excess reagent in the fiber and partly from the swollen intercrystalline 
material, which swells indefinitely with the reagent as will be discussed 
later. 


LaUice extension 

Table 2 contains the results of measurements from the x-ray diagrams 
obtained when both native and mercerized cellulose are treated with the 
various quaternary ammonium hydroxides. For comparison, the measure- 
ments of native and mercerized cellulose also are added. It is obvious 
that the most striking change in the lattice occurs in the distance between 
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the 101 planes. From a minimum of 6.1 A. in native cellulose, this 
equatorial interplanar distance increases to a maximum of approximately 
16.7 A. when native cellulose is treated with dimethyldibenzylammonium 
hydroxide. This expansion apparently allows room for the introduction 
of the quaternary ammonium hydroxide molecules in the unit cell. 

As the methyl groups of tetramethylammonium hydroxide are replaced 
by groupings of larger dimensions, there is an increase in the 101 inter- 
planar distance of the corresponding cellulose complexes. By comparing 
the innermost equatori^tl spots of figures 2C and 2D, it is apparent that 
dimethyldibenzylammonium hydroxide produces a greater distention 
(smaller distance between spots) than tetramethylammonium hydroxide. 


TABLE 2 

Equatorial interferences 



INTERPLANAR DIBTANCBB IN A. 

BUBBTANCE 

101 plane 

lOl 

plane 

002 

plane 


Native 

Mercer- 

ised 

Native cellulose 

6.1 


5.4 

3.95 

Mercerized cellulose .... : 


7.4 1 

4.45 

4.0 

Tetramethylammonium hydroxide-cellulose 

13.0 

12.8 ' 

I 4.0 

Trimethylethylammonium hydroxide-cellulose 

13.4 

13.0 

j 4.05 

Trimethylhenzylammonium hydroxide-cellulose 
Dimethyldibenzylammonium hydroxide-cellu- 

16.1 

15.8 

4.3 

4.0 

lose . . 

Heated modification of dimethyldibenzylam- 

16.7 

16.5* 

4.4 

4 0 

monium hydroxide-cellulose 

Heated modification of trimethylbenzylammo- 

13 4 i 


4.45 

4 2 

nium hydroxide-cellulose 

Cellulose obtained after removal of swelling 

13.0 


4.6 

4.15 

agent 

7.5 j 

7.5 

4.45 j 

4.0 


^ This value is approximated, since the compound gives a rather indefinite 
pattern. 


The increase, however, is not always directly proportional to the size of 
the substituted groups, as, for example, when one of the methyl groups is 
replaced by an ethyl group. Likewise, wdthin the range of experimental 
error (± 0.3 A.), there is not an increase of the 101 planar distance corre- 
sponding to the dimensions of an additional benzyl group when the organic 
base contains two benzyl groups instead of one. These results differ from 
those obtained by Trogus and Hess (19) on the diamines and by Barry, 
King, and Peterson (2) on the amines, where the 101 interplanar spacing 
is directly related to the size of the alkyl group of the entering molecule. 
The present results may be explained by assuming that the organic base 
molecules have a definite orientation in the crystal lattice, and that the 
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second bensyl group in dimethyldibensylammoniuin hydroxide does not 
appreciably increase that dimension of the molecule which arranges itself 
perpendicular to the 101 plane of the cellulose unit cell. 

With each reagent the extension of the 101 plane of native cellulose 
appears to be slightly larger (about 0.3 A.) than is the case for mercerized 
cellulose (see table 2) . Here, too, the results differ from those on diamines 
(19), where the extension of the 101 plane of mercerized is greater than 
that of native cellulose. 

The fiber period as determined from three layer .lines is the same for all 
the compounds studied in the present investigation. The apparent value 
of 10.3 A. is identical with that for native cellulose. It is possible, how- 
ever, that the actual fiber period is some multiple of the value 10.3 A. 

In some of the patterns there are extra spacings (8.0 and 6.^ A.), which 
apparently are not associated with the swelling compound. This indicates 
the existence of another product, such as a modified hydrate cellulose, and 
suggests the possibility of the compound being in equilibrium with native 
cellulose and with hydrate cellulose formed by the hydrol 3 rsis of the com- 
pound. 

Effect of concentrcdion 

The change in the cellulose lattice is associated with a minimum concen- 
tration for each reagent, below which the x-ray diagram of native cellulose 
is not affected. For tetramethylammonium hydroxide at room tempera- 
ture this minimum concentration lies between 16 and 20 per cent. For 
trimethylethyl-, trimethylbenzyl-, and dimethyldibenzyl-ammonium hy- 
droxides the limiting concentrations are 17 to 22, 25 to 29, and 27 to 31 
per cent, respectively. These percentages correspond roughly to normali- 
ties of 2.0, 1.9, 1.6, and 1.15 (table 1). The normalities of the reagents 
necessary to change the cellulose lattice decrease linearly when plotted 
against increasing molecular weights. These results coincide with those 
of Lieser and Leckzyck (12), who showed that a straight-line curve is 
obtained if the normality of base necessary to “dissolve cellulose” is plotted 
against the molecular weight of the base. 

The amount of cellulose converted to the swelling compound by the 
action of a given amount of quaternary ammonium hydroxide appears to 
be subject to a mass action effect. For example, when a given weight of 
finely ground native cotton fibers is mixed with a definite amount of a 42 
per cent solution of trimethylbenzylammonium hydroxide and allowed 
to come to equilibrium, approximately 1.5 to 2.0 molecules of base per 
glucose unit are necessary to effect a complete change in the x-ray diagram. 
With a 34 per cent solution, each ^ucose unit requires from 2.0 to 2.5 
molecules of base to produce complete conversion. The average value is 
about 2 molecules of organic base to one glucose unit. 
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Owing to the presence in the fiber of excess reagent, part of which is held 
by the swollen intercrystalline material, it is difficult to determine analyti- 
cally the exact amount of reagent that reacts with the crystalline cellulose 
to form the quaternary ammonium hydroxide-cellulose complex. An 
approximate idea of this amount, however, may be obtained from calcula- 
tions based upon the size of the entering organic base molecule and the 
increase in volume of the cellulose unit cell. The diameter of the entering 
quaternary ammonium hydroxide molecule, estimated from interatomic 
distances, is of the same order as that approximated experimentally by 
subtracting 7.4 (101 interplanar spacing for mercerized cellulose) from the 
observed 101 interplanar spacing of the swelling compound. The increase 
in volume of the unit cell resulting from complex formation may be deter- 
mined from the data given in table 2. The increase is approximately of 
the order necessary to accommodate one quaternary ammonium hydroxide 
molecule per glucose unit. These calculated results are similar to the 
experimental values obtained by Trogus and Hess (19) on the diamines, 
in that the ratio of diamine to glucose unit was found to be approximately 
1 : 1 . 


Preferential action 

When a mixture containing equivalent amounts of tetraraethylam- 
monium hydroxide and trimethylbenzylammonium hydroxide (or di- 
methyldibenzylammonium hydroxide) is applied to cellulose fibers, the 
tetramethyl molecule exerts a preferential action, since the resulting x-ray 
diagram shows only the interference pattern characteristic of the tetra- 
methylammonium hydroxide-cellulose complex. The explanation for such 
preferential action is not clear, but it is possible that the molecules of the 
tetramethyl compound, being smaller than those of either of the benzyl 
compounds, do not have to expand the cellulose chains so far apart and 
therefore may enter into the lattice with greater ease. There is the possi- 
bility, however, that this preferential action toward the crystalline cellu- 
lose may be related inversely to a preferential action of the reagents toward 
the intercrystalline material. All of the four reagents studied react essen- 
tially alike in that they form a swelling compound with the crystalline 
cellulose, but their action on the intercrystalline material is quite different: 
the gelatination of the intercrystalline material, as discussed later, is very 
small with tetramethylammonium hydroxide, but it increases with in- 
creasing molecular weight of the quaternary ammonium base, until it is 
quite pronounced with dimethyldibenzylammonium hydroxide. 

The failure of choline to swell the fiber or to produce a change in the 
diffraction pattern is not explained by the present data, but there is the 
possibility that it may be related to the polarity of the molecule. Bock 
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(4) found, in general, "that those quaternary ammonium hydroxides which 
contain unsubstituted hydrocarbon groups will dissolve cellulose.” 

Effect of heat 

When flax fibers, either native or mercerized, are pretreated with tri- 
methylbenzyl- or dimethyldibenzyl-ammonium hydroxide and then heated 
at high enough temperatures for a sufficiently long period of time, they 
tend to shrink and to alter their external appearance. After heating there 
is obtained a different x-ray pattern, which consists of a new crystalline 
diagram superimposed upon an amorphous diagram (figure 2E). In the 
crystalline pattern the 101 interplanar distance is reduced from 16.7 A. 
to 13.4 or 13.0 A. (see table 2). At S0®C. this change takes place within 
about 16 min., while at lower temperatures more time is required. At 
room temperature no change in the x-ray diagram occurs even after aging 
for several months. When the heated samples are treated with trimethyl- 
benzyl- or dimethyldibenzyl-ammonium hydroxide, the 101 interplanar 
distance increases again to its original dimension of 16.7 A. Table 2 
contains the values of interplanar distances as determined from interfer- 
ence patterns of the heated modifications. 

No change in the 101 planar distance could be noted when fibers treated 
with tetramethylammonium hj^droxide and trimethylethylammonium 
hydroxide were heated for as long as 20 hr. at temperatures as high as 
90“C. 


Removal of swelling agent 

Upon removal of the swelling agent the fibers shrink in diameter, and 
the x-ray diagram of hydrate cellulose is alwa 3 rs obtained regardless of 
whether the starting material is native, or mercerized cellulose. In most 
cases the swelling agents were removed by treatment with dilute acids, 
followed by washing with water. The quaternary ammonium hydroxide 
cellulose complexes differ from those of the diamines in that the latter, 
after removal of the diamine, yield either native or hydrate cellulose, 
depending on the nature of the starting material (19). 

The modifications obtained by heating cellulose pretreated vv'ith tri- 
methylbenzyl- and dimethyldibenzyl-ammonium hydroxides also yield 
x-ray patterns of hydrate cellulose when treated with dilute acid and water 
(figure 2F). A comparison of figures IB and 1C shows the shrinkage in 
fiber diameter upon removal of the swelling agent. 

FIBEB BWELLINQ 

Up to this point the discussion has been concerned primarily with the 
action of the quaternary ammonium bases on the cellulose crj^tal lattice. 
The actbn of these swelling reagents on the fiber as a whole will now be 
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considered. The fiber-swelling reaction, which proceeds rather rapidly, 
is characterized by a relatively high rate of diffusion of the base throughout 
the fiber, as indicated by microscopic examination, and the x-ray pattern 
indicates an apparently equal modification of all the crystalline cellulose 
that reacts with the base. This type of reaction, according to Lorand 
and Georgi (13), is characteristic of the permutoid type. According to 
Katz (11), the x-ray results are indicative of permutoid intramicellar 
swelling, accompanied by the formation of a compound of cellulose with 
the swelling agent, since the change in diagram is not a continuous func- 
tion of the degree of fiber swelling, and since for each base there is one 
pattern characteristic of the reacted cellulose. In this case the swelling 
is in no way explained by the change in x-ray diagram; it is accounted for 
by the gelatination of the intercrystalline or cementing material, and the 
permutoid change of the crystal structure of the cellulose is an accessory 
phenomenon in the mechanism of swelling. In the present paper the 
term “swelling compound^ ^ has been used in the sense described by Katz 
(11), but the present data do not indicate whether the swelling reaction is 
identical with the mechanism described by Katz; this is considered by the 
authors still to be an open question. 

From the present data it is clear, however, that the expansion resulting 
from the formation of the swelling compound accounts for only a small 
portion of the increase in fiber diameter revealed by microscopic examina- 
tion. The x-ray patterns show the swelling compound to be formed before 
appreciable increase in fiber diameter takes place, and, after the swelling 
compound is formed, further addition of the swelling reagent produces no 
additional lattice expansion, w^hile the fiber diameter continues to increase. 
This continued increase in fiber diameter, therefore, is apparently due to 
swelling of the intercrystalline material. This mechanism is substantiated 
by microscopic examination, since the fibrils can be observed to be pushed 
apart and arranged at larger irregular angles to the fiber axis as the fiber 
diameter increases, while the fibrils themselves appear to remain intact 
(see figure IB). The overall swelling reaction, therefore, may be thought 
of as a dual process; the crystalline cellulose apparently has a limited 
increase in volume, while the intercrystalline material has no limit. The 
intercrystalline material may be thought of as forming a true lyophilic 
colloid, which may swell indefinitely with the dispersion medium, while the 
crystalline cellulose may be thought of as being lyophobic to the extent 
that it is not changed beyond the formation of a swelling compound with 
the reagent. A similar suggestion has been made regarding the swelling 
of cellulose fibers in cuprammonium hydroxide (17). This dual mechanism 
of swelling is in agreement with the chemical and slit ultramicroscopic data 
of Compton (6), which indicate that the cellulose component is not molec- 
ularly dispersed in quaternary ammonium bases but rather is dispersed 
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as isellulose particles. Fiber swelling and compound fonnation and its 
relation to fil^r dispersion and reactivity are being studied further. 

SXTMMABY 

1. When cellulose fibers, either native or mercerized, are treated with a 
quaternary ammonium hydroxide, they increase in diameter and pve a 
new x-ray diagram which differs from that of the original cellulose. These 
results are best explained by assuming the fiber to have a dual structure; 
the increase in fiber diameter is due to an intercrystalline material which 
sw^ indefinitely with the reagent, while the change in x-ray diagram is 
due to the formation of a swelling compound between the reagent and the 
crystalline cellulose. 

2. The piincipal change in the x-ray diagram corresponds to a lattice 
distention of the 101 interplanar distance from 6.1 A. in native cellulose 
to approximately 13.0 A. for the swelling compound between native cellu- 
lose and tetramethylammonium hydroxide, and to 16.7 A. for dimethyl- 
dibenzylammonium hydroxide. The fiber period, 10.3 A., remains un- 
changed in all compounds. 

3. The change in x-ray pattern is not a continuous function of the 
amount of reagent added, and for each reagent there is one pattern char- 
acteristic of the reacted cellulose. This change is associated with a mini- 
ihtim concentration below which the cellulose lattice structure is not 
(Changed. Concentration also affects the number of molecules of base per 
glucose unit necessary to change the x-ray pattern. 

4. In mixtures containing equivalent amounts of tetramethylammonium 
hydroxide and either trimethylbenzyl- or dimethyldibenzyl-ammonium 
hydroxide the former base exerts a preferential action upon cellulose, the 
x-ray diagrams being characteristic of the tetramethylammonium hydrox- 
ide-cellulose complex. 

5. The effect of heat on the swelling compounds of cellulose with tri- 
methylbenzyl- and dimethyldibenzyl-ammonium hydroxides is to decrease 
the 101 interplanar distance to 13.0 A. The tetramethylammonium 
hydroxide-cellulose and the trimethylethylammonium hydroxide- cellulose 
complexes do not change upon heating. 

6. The cellulose complexes from either native or mercerized cellulose 
or their heated modifications are completely reverted to hydrate cellulose 
by washing with dilute acid and water. 

The quaternary ammonium hydroxides used in this research were 
obtained through the courtesy of Rdhm and Haas Company, Philadelphia, 
Pennsylvania, whose codperation is greatly appreciated. 
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The General Effect of Oxidation Products on the Development 
Process and the Nature of the Induction Period^ 
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It is well known that certain developing agents, such as hydroquinonc 
and pyrogallol, show an induction period in their action upon exposed 
photographic plates, i.e., during the initial stages of development the rate 
of growth of density increases with the time of action of the developing 
solution. 2 Certain other developing agents, such as p-phenylenediamiiie, 
do not show this behavior. James and Weissberger (6) have recently 
suggested that a connection might exist between the induction period of 
hydroquinone development and a catalytic effect of quinone on the de- 
velopment process. It is known that oxidation products of hydroquinone 
increase the rate of development by that agent. Staude (16) credits R. 
Luther with the original suggestion. Luther based his conclusions iiiKin 
the observation of Liippo-Cramer that development is more rapid in the 
absence than in the presence of sulfite. This observation is contained, 
however, in data presented much earlier by Mees and Piper (11). Staude 
showed experimentally that highly purified hydroquinone dissolved in 
oxygen-free carbonate solution developed at a much smaller rate than a 
similar solution having free access to air. In a later paper (17) Staude 
expressed the opinion that ‘‘oxidation products and, above all, the next 
higher oxidation products of the developing substance play an important 
part in development. There appears to be a general fundamental prin- 
ciple that a reducing agent is a developer if it has the jwwer of entering 
even loosely into combination with a pure oxidation product.*' Staude 
showed experimentally that development by highly purified hydroquinone 
solutions is markedly accelerated by oxidation products of hydroquinone, 
elon, and amidol. He obtained similar results with catechol as developer. 
All of his work was done with carbonate solutions of pH presumably 
greater than 10.0, so that it may be questioned whether quinone itself is 
capable of increasing the rate of development. 

1 Communication No. 707 from the Kodak Research Laboratories. 

* See, for example, curves given by Sheppard and Elliott (13). 
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We have investigated the effect of oxidation products on the rate of 
development by hydroquinone at lower pH values (8.0 to 8.9) and have 
extended the investigation to include several classes of developing agents. 
Our results with hydroquinone, in general, confirm Standees observations, 
but further experiments show that an acceleration due to oxidation prod- 
ucts is not a general effect for all developing agents, or even for the ma- 
jority of them. Further, we have shown that quinone catalysis cannot 
account for the induction period encountered in hydroquinone develop- 
ment. This induction period has its origin in an entirely distinct kinetic 
phenomenon, involving the penetration by the developer ions of an elec- 
trical barrier at the silver halide grains. 

EXPERIMENTAL PROCEDURE 

The developing agents employed in tins investigation were for the most 
part products of the Eastman Kodak Company and were further purified 
according to standard procedures. Elonmonosulfonic acid was prepared 
and purified according to the directions of Tausch (18). 

The apparatus employed for development is shown diagrammatically 
in figure 1. The developing solution was prepared in two parts. The 
reducing agent was dissolved in water acidulated by the addition of a 
measured amount of boric acid solution, and the resulting solution was 
placed in tube A. A measured amount of 0.1 Af borax (usually 100 ml.) 
was placed in container B. Purified nitrogen was introduced through the 
glass tube C, which contained four holes, each with a diameter of 0.072 cm. 
Nitrogen was passed through the solutions for 1 to 2 hr. at the rate of 
200 ml. per minute (at 760 mm. and 20®C.). The solutions were then 
mixed, allowed to come to temperature, and the film introduced quickly 
into the solution. The nitrogen flow was continued uninterrupted. The 
total volume of solution was in most cases 300 ml., although when only 
limited quantities of developing agent were available a smaller apparatus 
of 125-ml. capacity was employed. The nitrogen was purified by a method 
similar to that described by Cameron (3) and failed to give a positive test 
for oxygen on bubbling through reduced indigodisulfonate for 48 hr. 
Alkaline hydroquinone solutions prepared as described were perfectly 
colorless. 

The photographic material employed was a normal, unsensitixed motion- 
picture positive silver bromide emulsion of thin and very uniform coating. 
Exposures were made on the standard Eastman type Ilb sensitometer. 
Each sensitometer strip was split, and the halves were attached to tube D 
(figure 1) by means of rubber bands. 

The time required to remove a strip from the apparatus was 1 sec. 
Control tests failed to reveal any effect of the air introduced into the 
apparatus during the removal of the strips. Furthermore, no difference 
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was obtained when the apparatus was so altered that the sensitometer 
stripe, bound to tube D, were present in tube A during the period of 
sweejnng-out of air, and were introduced into the mixed developer solution 
by sliding tube D downward through the rubber stopper E. In this case 
tube B replaced the bubbler F at the top of tube D. Also, no chaise was 
noted when the strips were stored for 50 min. in ox 3 rgen-free water before 
development, excepting for a small change in the time of initiation of 
development by those agents showing induction periods. This change 
was due to removal of soluble bromide from the film. 

Temperature was controlled to within 0.05®C. by means of water circu- 
lated through the water jacket surrounding tube A. pH determinations 
were made on the complete solution by means of a calibrated glass elec- 
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trode. Density determinations were made on the Capstaff-Purdy densi- 
tometer. Silver determinations were made by potentiometric titration 
at 70°C. with 0.0001 M potassium iodide. 

EFFECT OF OXIDATION PBODtrCTS 

In the case of hydroquinone the primary oxidation product is fairly 
stable and readily available. The addition of quinone itself, highly puri- 
fied by successive sublimations, to the pure hydroquinone developer 
effect^ a definite increase in the rate of development. This is illustrated 
in figure 2. The data are for a 0.05 M hydroquinone solution at pH 8.69. 
Curve I gives the density-time relationship for the pure hydroquinone 
solution. Curves II, III, and IV are for the same solution except for the 
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addition of 1/4000, 1/1000, and 1/200 mole of quinone, respectivdy, per 
liter. The same relative increase in develoinnent rate was obtained at 
pH 8.29. These results show clearly that the addition of pure quinone to 



Fig. 2, Effect of addition of quinone to a pure hydroquinone developer 



pH 6.6 1.06 m 1.16 


Fso. 8. Effect of sodium sulfite, resorcinol, and l-naphthol-5H9ulfonic acid upon 
development by 2->amino*5-diethylaminotoluene. O, no addition; x, M/80 sodium 
sulfite; A, Af/40 resorcinol; •, M/40 l«naphtIiol-5*sulfonic acid. 

a pure hydroquinone solution accelerates the developing action of the latter 
under conditions at which the quinone is reasonably stable. However, 
some decomposition of quinone will occur during the time required for 
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development even at pH 8.29, and the possibility still remains that the 
accelerating effect is due to decomposition products rather than to the 
quinone itself. The general action of quinone in hydroquinone develop- 
ment will be treated in more detail in a subsequent paper. 

Since quinone is formed in the development process, we should expect, 
from the results just given, that the addition to the hydroquinone solution 
of agents which rapidly react with quinone would decrease the rate of 
development. In agreement with this expectation, sodium sulfite and 
resorcinol definitely decrease the rate of development by hydroquinone. 
This is illustrated by curves V and VI of figure 2. 



Fio. 4. Effect of sodium sulfite and phenosafranine on development by p-amino- 
phenol. •, no addition; □, Jlf/320 sodium sulfite; o, M/90 sodium sulfite; x, ilf/20 
sodium sulfite; a, ilf/20,000 phenosafranine. 

The accelerating effect that the oxidation products of hydroquinone 
have upon development by that agent is shown likewise by certain other 
developers, but is not a general phenomenon. Indeed, in many cases 
just the opposite effect is obtained. The rate of development by the 
members of the p-phenylenediamine series is, in general, markedly de- 
creased by the presence of the oxidation products, and the same is true of 
some of the members of the p-aminophenol series. 

It was not feasible in most cases to study the effect of the oxidation 
product upon the development rate by direct addition to the developer of 
pure primary oxidation product, since the latter is, in general, very un- 




706 


T. R. JAMBS 


stable. Instead, we studied the effect of varying quantities of chemicals 
known to react readily with the oxidation products. Of these sodium 
»iifite is the most generally useful, although in many cases additional 



pH •.4» LO* ( IIS 

Fio. 5. Development by elonmonosulfonic acid. • , no addition ; o, M/dSO sodium 
sulfite; O, Af/80 sodium sulfite; a, M/20 sodium sulfite; 



Fio.6. Development by potassium ferrous oxalate. •, no addition; o, M/80 
sodium sulfite; x, M/20,000 pbenosafranine. 

“couplers,” such as resorcinol and l-naphthol-5-sulfonic acid, were avail- 
^le for supplementary experiments. 

Illustrations of the various types of results obtidned are given in figures 
3 to 6. The effect of sodium sulfite, resorcinol, and phenosafranine on the 
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complete list of developing agents tested is given in table 1. The results 
recorded show conclusively that the effects observed with the coupling 
agents are due, in major part at least, to their ability to remove the oxida- 
tion product. Thus, sodium sulfite markedly increases the rate of develop- 
ment by all members of the p-phenylenediamine series except diamino- 
durene, and only in the case of diaminodurene does the sulfite fail to react 
rapidly with the oxidation product to form a sulfonate. Otherwise, no 
qualitative difference appears in the development by diaminodurene and 
the other members of the series. Furthermore, resorcinol markedly in- 
creases the rate of development by p-aminodimethylaniline, whereas it has 
no effect upon development by the isomer, sym-dimethyl-p-phenylene- 
diamine. Resorcinol couples readily with the oxidation product of the 

TABLE 1 


Efect of sodium sulfite, resorcinol, and phenosafranitte upon the rate of 
development (initial) 


DBVBLOPINO AOBNT 

xrFBCT or 

Sulfite 

Resorcinol 

PhenotafrEnine 

Hydroquinone ... 

Decrease 

Decrease 

Increase 

Pyrogallol 

Decrease 


1 Increase 

p-Hydroxyphenylglycine 

Decrease 

None 

Increase 

Elonmonosulfonic acid 

Decrease 


Increase 

P'Aminophenol 

Increase 


None or slight increase 

Elon 

Increase 

None 

None 

p-Aminophenylglycine . . . 

Increase 


None 

p-Aminodimethylaniline 

Increase 

Increase 


«ym-Dimethyl-p-phenylenediamine. 

Increase 

None 

None 

p-Aminodiethylaniline 

Increase 

Increase 

None 

Diaminodurene 

None 



Hydroxylamine 

None 

None 

Slight decrease 

Potassium ferro5xalate 

None 

! None 

1 Increase 


former to form a soluble dye, but the presence of a methyl group on each 
amino group of the latter agent prevents dye formation. Sodium sulfite, 
on the other hand, will react readily with the oxidation product of either 
agent, and it effects a pronounced increase in the rate of development by 
either. In other cases where action by removal of oxidation products 
does not appear possible, such as those of hydroxylamine and ferrous 
oxalate developers, no significant difference was noted between the pure 
developers and those containing additions of sulfite or resorcinol. 

Quantitatively we observe that, beyond a certain small sulfite concen- 
tration, further addition of the agent produces little, if any, change in the 
development rate of elon and p-aminophenol. The same is approximately 
true for elonmonosulfonic acid. This latter compound shows the interest- 
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ing behavior, however, that sulfite decreases the rate of development in 
the earlier stages, but that, as development proceeds, the rate eventually 
becomes greater than that of the solution containing no sulfite (see figure 5). 
No maximum was reached, however, with the p-phenylenediamines 
tested within the range of sulfite concentrations employed. This is illus- 
trated in figure 7, which gives a portion of the data for p-aminodiethyl- 
aniiine. 

The retarding action of oxidation products upon development points 
to the existence of a reverse reaction tending to destroy the reduced silver. 
Thus, in the case of p-phenylenediamine we can write schematically and 



a 10 I 1 K 14 la la to tz B4TiMa(MiM) 
pM a.6 1.00 0 IIS 


Fio. 7. Curves showing effect of increasing quantities of sulfite on development by 
p-aminodiethylaniline. no addition; Ai Af/320 sodium sulfite; o, M/80 sodium 
sulfite; X, M/20 sodium sulfite. 

without reference to the probable two-stage oxidation of the developing 
agent: 

HtN< >NHi -t- 2Ag+ HN==< >=NH + 2Ag -|- 2H+ (1) 

The quinonimine is quite unstable and hence the reaction is not strictly 
reversible, but the oxidation of silver by the quinonimine may still be rapid 
enough to compete successfully with the decomposition reaction. The 
addition of any agent that would decrease the concentration of quinon- 
imine would accordingly act to increase the net rate of development. 

The accelerating action of oxidation products on development by certain 
agents is not so easily explained. A quinone catalysis of the type that 
James and Weissberger (6) showed to be active in the autoxidation of 
durohydroquinone and \H3umohydroquinone might possibly exist in 
development. In the heterogeneous devebpment reaction, however, 
other factors definitely enter, and if a true quinone catalysis exists it may 
be completely obscured by such factors. In this connection we miay cite 
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the following experimental facts: The autoxidation of diaminodurene 
shows a pronounced induction period which is removed by addition of 
duroquinone, just as in the case of durohydroquinone. The rate of oxygen 
oxidation of other members of the p-phenylenediamine series, such as 
p-aminodiethylaniline, is distinctly reduced by the presence of sulfite and 
coupling agents, such as resorcinol and phenol. However, the addition 
of quinone to diaminodurene developer results only in a slight decrease 
in development rate, and sulfite and resorcinol markedly increase the rate 
of development by p-aminodiethylaniline. Moreover, in the case of 
hydroquinone itself the effect of quinone is to decrease the fogging rate, 
and that of sulfite or resorcinol to increase it. Hence the accelerating 
effect of quinone upon hydroquinone development itself does not appear 
to be distinctly an effect upon the reaction between silver ion and hydro- 
quinone. As we shall see later, another explanation of the accelerating 
action of oxidation products upon development is possible and may be 
preferable. 

These results throw new light upon the problem of the dependence of 
the rate of development by members of the p-phenylenediamine series 
upon the pH of the solution. The pH dependence observed with the 
members of the hydroquinone and p-aminophenol series may be readily 
attributed to acid ionization of the hydroxyl groups. A similar ex- 
planation, as applied to the p-phenylenediamines (4), does not, however, 
appear reasonable to this writer. Acid ionization of an amino group has 
been measured only in a few cases, and these measurements have led to 
fantastically small values. For example, the dissociation constants in- 
dicated for aniline and p-toluidine (10) are of the order of it is hardly 

conceivable that acid ions could be present in .sufficient concentrations 
at a pH of 8 to 9 to account for the development rate observed with the 
p-phenylenediamines. Certainly, acid ionization plays no role in the 
oxygen oxidation of diaminodurene in the pH range 8 to 1 1 .5, since the 
rate is independent of the pH in this region. 

An alternative explanation of the pH dependence of the p-phenylene- 
diamine developers may be based upon the following considerations: 
We have observed that a decrease in the concentration of the oxidation 
product results in an increase in the net rate of development. This 
should be true whether the decrease is accomplished by agents that 
react with the oxidation product, or by an increase in the alkalinity of 
the solution which is accompanied by an increase in the rate of spon- 
taneous destruction of the oxidation product.® This explanation of the 
increase in rate of development that accompanies increase in pH holds 

* The potentiometric investigations of Fieser, Clark, Michaelis, and others clearly 
indicate that the stability of the primary oxidation products decreases as the pH 
increases in the alkaline region. 
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whether sulfite is present or not, since the marked dependence upon the 
sulfite concentration shows that, even in the sulfite-containing solutions, 
the reverse reaction (i.e., oxidation of silver) is occurring to a significant 
degree. Furthermore, the addition of powerful coupling agents, such 
as l-naphthol-5-eulfonic acid, to the sulfite-containing solution increases 
the development rate. Accordingly, as the pH is increased, the rate 
of removal of the oxidation product may be increased either by an in- 
crease in the rate of spontaneous decomposition or by an increase in 
the rate of reaction with the sulfite or other coupler. 

OBIOIN OF THE INDUCTION PEHIOO AND CLASSIFICATION OF DEVELOPERS 
ACCORDING TO THE CHARGE OP THE ACTIVE PARTICLE 

An inspection of the development curves given in figures 2 to 7 shows 
that with some developers no induction period appears, that with others 
a short induction period is present, and that with still others the in- 
duction period is pronounced. A comparison of the curves obtained for 
all of the developing agents tested revealed four distinct types. These 
types are not defined by the chemical nature of the developing agents, 
but rather by (he charge on the reducing ion or molecule. In table 2 the 
developing agents tested are grouped according to the chemical series 
and to the charge on the actual reducing agent. 

Figure 8 gives a comparison of the curves characteristic of each charge 
group. When the reducing agent is uncharged (group 0), there is no 
induction period. If the agent possesses a single negative charge (group 
— 1), a small induction period appears. The extent of the induction 
period increases progressively as we pass to two negative charges (group 
—2) and to three negative charges (group —3). This behavior was 
observed with every agent tested, regardless of the chemical series to 
which the agent belongs. Group 0 contained only members of the 
p-phenylenediamine series which, as we have observed, should not undergo 
significant acid ionization at the pH employed. Group —1 contains 
some of the p-aminophenols, a p-phenylenediamine which has obtained 
a negative charge by virtue of dissociation of the acid carboxyl group it 
contains, and the inorganic substance hydroxylamine. Group —2 con- 
tains hydroquinone, which, in the pH range employed, is active as the 
divalent ion, two members of the p-aminophenol group which have ac- 
quired an added negative charge by virtue of ionization of a carboxyl 
or sulfonic acid group, and potassium ferrodxalate.* The active ionic 
i^cies of pyri^allol has not been definitely established as yet, but the 
curve of the pyro developer fits fairly well into .group —2. Group —3 
has as its sole representative sodium hydroquinonemonosulfonate. 

* This developer had the composition M/40 ferrous sulfate, MJ6 potassium onlate, 
and Q.1 g. potassium bromide per liter. The solution was buffered at pH 8.86. 
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TABLE 2 

ClasBificaiion of developing agents 


CRABOB ON ACTZVa PARTICLBB 


-1 


OBBMICAL RllRtBB 


Hydroquinone 


p-Aminophenol 


p«Phenylene- 
di amines 


Others 


spm-Dimethyl- 
p-phenylene- 
di amine 
p- Ami nodi- 
ethylaniline 
Diaminodurene 
2-Amino-5-di- 
ethylamino- | 
toluene I 


Elon 

p-Aminophenol 

p-Aminophenyl- 

glycine 


Hydroxylamine 


Hydroquinone 


p-Hydroxy- 

phenylgly- 

cine 

Elonmonosul- 
fonic acid 


Pyrogallol 

(Fe(C,04)r‘) 


-3 

Sodium hydro- 
quinonemono- 
sulfonate 



Pio. 8. Effect of charge of reducing agent upon shape of development curve, x, 
hydroquinone; A,p-aminopheiiol; diaminodurene; o» sodium hydroquinonemono- 
sttlfonate. 
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It was found that, when conditions were so adjusted that the effect of 
oxidation products on the rate of development was minimized, the lower 
portions of the density-time curves for all the agents in group — 1 could 



TIMS (ARftiniARV VIMITS) 

LOd EXPOSURl. • I.IE 

Fig. 9. Induction period of development by monovalent ions. • , p-aminophenol 
(M/80 sodium sulfite); □, p-aminophenol (no sulfite); o, p-aminophenylglycine 
(M/80 sodium sulfite); a, hydroxylamine (M/80 sodium sulfite); x, elon (M/80 
sodium sulfite). 
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Fig. 10. Induction period of development by divalent ions, m, hydroquinone; 
o, elonmonosulfonic acid (M/80 sodium sulfite); □, elonmonosulfonic acid (M/20 
sodium sulfite); a, p-hydroxyphenylglycine; 0 , p-hydroxyphenylglycine (M/80 
sodium sulfite); x, pyrogallol (M/40 sodium sulfite); ferrous oxalate. 


be superimposed by properly adjusting the time scale to compensate 
for the difiference in absolute development velocities. The same holds 
true of tjie agents in group —2. This is illustrated in figures 9 and 10. 
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The data employed were obtained in the pH range 8.3 to 8.6 in all cases 
except for elon and hydroxylamine, for which the pH values were 6.6 
and 10.25, respectively. Elon was too active and hydroxylamine too 
inactive for accurate work in the pH range 8.3 to 8.6. In all instances 
good agreement was obtained in the absence of sulfite when only data 
for densities lower than 0.4 were used. In the presence of sulfite as a 
remover of the oxidation product the agreement extended to consider- 
ably higher values, and this was true in some cases when sulfite was 
not employed. 

Other kinetic properties fall in line with this classification. The rate 
of development by every member of group —2 is increased from two- 
to threefold by the addition of 1/20,000 mole of phenosafranine, whereas 
little or no effect is produced upon the rate of development by members 
of groups 0 and ~1. The effect of phenosafranine is even more pro- 
nounced in the ease of sodium hydroquinonemonosulfonate (group —3) 
where the increase is about sevenfold. Furthermore, the initial rate of 
development by all members of group —2 except ferrous oxalate is de- 
creased by small amounts of sodium sulfite (removal of oxidation product). 
None of the members of group 0 or group —1 shows this effect. The 
action of small additions of potassium bromide upon development by 
members of group —2 is to increase the induction period markedly without 
significantly changing the ultimate rate. A similar, but much smaller, 
increase in induction period is noted with members of group — 1 . Even 
large amounts of bromide do not cause the appearance of an induction 
period with members of group 0. 

An explanation of the behavior just described appears from a con- 
sideration of the conditions prevailing at the surface of the silver bromide 
grains. Let us examine first the .situation that obtains in a pure silver 
halide sol. Such a sol readily adsorbs halide ions from the solution. The 
magnitude of the adsorption, for small halide-ion concentrations, follows 
the equation: 

dx = a-d log c 

where x is the amount adsorbed, a is a constant, and c is the equilibrium 
concentration of the ion absorbed (7, 8). As adsorption proceeds, the 
negative charge on the colloid particles increases. Verwey and Kruyt 
(20) demonstrated that, in the case of a silver iodide sol in water, the 
iodide ions are not adsorbed over the entire surface at the maximum, 
but only at certain active spots on the surface, corresponding probably 
to cracks and imperfections in the crystal, corners and edges of sub- 
microscopic crystals, etc. Astakhov and SuzdaUtzeva (1) obtained 
similar evidence with silver bromide sols (cf. also the data of Fajans (5) 
on the adsorption of silver ion by silver bromide). The adsorbed ions 
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on the silver halide surface i^ve rise to a potential drop between the 
particle and the solution. Smoluchowski (15) assumes a continuous 
drop in potential in both the solid and liquid phases. Some confirmation 
of this assumption is supplied by the calculations of Verwey (19) from 
data obtained with purified, well-aged silver iodide sol, which showed 
that the potential drop in the rigid and diffuse portions of the double 
layer (^) amounts to only about ohe-half the thermod 3 mamic potential, 
and that the drop in the non-rigid portion of the double layer (the 1*- 
potential) is even less. The remainder of the potential drop is assumed 
to occur within a thin surface layer of the solid phase. 

In the case of silver bromide grains in a photographic emulsion we 
should expect much the same situation, except that here the layer of 
gelatin that is tenaciously held by the grain (14) enters as a modifying 
factor. Bendien (2) has shown that the addition of gelatin to a gold 
sol (negative) affects the electrophoretic velocity. The negative velocity 
is decreased by the gelatin in the alkaline region, and the sign is reversed 
as we pass to the acid side of the isoelectric point of gelatin. This 
means a decrease or reversal of sign of the calculated j*-potential of the 
particles, presumably gold well encased in gelatin. The sign of the 
potential is, however, always negative when the sol is on the alkaline 
side of the isoelectric point. The same should apply to the negative silver 
halide sols. The magnitude of the potential barrier that a negative ion 
would have to cross in order to reach the silver halide surface may suffer 
a similar, but no greater, decrease owing to the gelatin. It is probable, 
however, that the decrease, if any, will be much less. In the normal 
developing-out emulsion, therefore, we have the silver halide grains 
protected from the negative developer ions by a negative potential barrier. 
In the reduction process the developer particles must either penetrate 
this barrier or the silver ions must pass out to the developer. If the 
former is the case, the energy that the developer particle must have in 
order to penetrate this barrier will depend upon the charge on the particle. 
The magnitude of this potential barrier cannot be determined accurately 
in the case of the emulsion used in this present investigation, but, by 
analogy with Verwey’s results with silver iodide, it may be inferred that 
0.1 volt is a reasonable figure for the ^-potential. Assuming this as the 
potential barrier to be crossed, it is seen that a particle of unit charge 
must possess a kinetic energy equal to or exceeding 

X 4.80 X 10"“ - 1.6 X 10~“ ergs 

A particle having a double negative charge must possess twice this energy, 
whereas a particle having a zero charge would not be restrained by the 
barrier. The energy required by the charged developer particle is 
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greater than the average energy which they possess (ca. 6 X 10~‘^ ergs 
at 20®C.) and hence only that fraction which, by virtue of the energy dis- 
tribution, possesses a kinetic energy equal to or in excess of the critical 
amount can penetrate the barrier. Since, in the distribution function' 
the energy term occurs in the exponential, a much smaller fraction of 
divalent ions will possess the required energy than of monovalent ions, 
and hence the effective concentration at the surface of the grain will 
be much smaller. 

Now, as development proceeds and the silver area expands, the bromide 
ions that originally protected the surface will become desorbed, since 
they are not held to the silver. Hence the potential barrier in this region 
will become smaller and smaller. Whether or not the barrier will even- 
tually become zero cannot be predicted without a more detailed knowledge 
of the surface conditions and the development mechanism. As the 
barrier becomes smaller, however, the fraction of ions possessing sufficient 
energy to penetrate it will increase, and the relative increase will be 
greater for divalent than for monovalent ions. Hence, as development 
progresses the effective concentration of the developer at the surface of 
the grain increases, and the relative increase will be greater the higher 
the negative charge on the developer ion. 

These considerations just given would predict an induction period 
in the rate of development of the individual grain, provided the developing 
agent is a negative ion. We cannot assume, however, that in practice 
we have to deal with an ensemble of identical grains. We must consider 
that, in reality, the grains of our ensemble vary among themselves in 
the amount of effective expo-sure and probably also in the magnitude of 
the original potential barrier. It is highly probable that the presence 
of a latent image decreases the magnitude of the original potential barrier, 
and that the decrease will become greater as the amount of exposure in- 
creases. Although developability of an exposed grain cannot be at- 
tributed solely to this cause, the barrier effect may markedly influence 
the relative developability of a series of unequally exposed grains. We 
cannot dejjermine the conditions existing at each particular grain. We 
may study the effect of variation in exposure of the individual grains 
within a given ensemble, however, by comparing the data obtained for 
several ensembles which have been given different general exposures 
(i.e., several exposure steps on the sensitometer strip). This tsrpe of 
comparison for hydroquinone developer is given in figure 11. In the 
construction of this figure a correction was applied, which reduced the 
experimental densities to give the same value for maximum development 
of the three exposure steps. Hence the three curves correspond roughly 


' B<dtnnaim function. 
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to three ensembles, each containing the same number of developable 
grains, but differing in the average amount of exposure per grain. The 
curves clearly show that the induction period increases as the exposure 
decreases. This is in agreement with results obtained by Meidinger (12) 
in the study of the development of large individual grains. Neither 
Meidinger’s results nor ours, however, seem to justify a sharp division 
of the development process into the two rate components that he dis- 
cussed. Since Meidinger employed a heavily bromided elon-hydro- 
quinone developer in his investigation, the potential barrier effect should 
be large. The rate of development during the very early stages would 



HVOROaUtNOMm pH 6.Z 

Fig. 11. Variation in induction period with exposure, o, log E — 1.46; • , log .8 — 
0.85; X, log B — 0.25. 

depend heavily upon the magnitude of the potential barrier* and this, 
in turn, should depend upon the exposure. Before the microscope could 
detect the “start of development,” reduction would have proceeded to 
the production of several thousand silver atoms, and by this time the 
potential barrier would probably have fallen to its minimum value at 
the site of the chemical reaction. Thus we should have a dependence 
upon exposure of the early part of development, which the microscope 
could not follow, but no dependence upon ex^sure of the rate of the 
part observable through the microscope. The nature of the purely 
chemical reaction, however, need not change. 
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A number of otherwise puzzling experimental facts may be explained 
on the basis of the picture we have presented. Any agent that will 
reduce the potential barrier will accelerate development by the negative 
ions in the early stages, whereas an agent that can increase the barrier 
will have the opposite effect. Thus we can explain the action of small 
amounts of soluble bromide, which increase the induction period but do 
not appreciably affect the ultimate rate of development. Larger quan- 
tities of bromide probably affect the rate of the chemical reaction itself. 

We likewise find a ready explanation for the accelerating effect of neu- 
tral salts upon hydroquinone development (9) and the similar action of 
thallous ion and such basic dyes as pinachrome and pinacyanol. The 
neutral salts in the concentrations used by Liippo-Cramer will act to 
reduce markedly the f-potential at the silver halide grains, and hence to 
decrease the potential barrier. Thallous ion and the basic dyes reduce 
the f-potential by adsorption, and hence will be effective in much smaller 
concentrations than, say, potassium nitrate. A possible alternative 
explanation (6), that the action of phenosaf ranine is one of quinone 
catalysis, cannot be considered satisfactory. We have observed an 
accelerating effect of phenosafranine only for the developing agents with 
di- and trivalent ions (except for a very slight effect on the monovalent 
ions), and the acceleration is just as pronounced with the ferrous oxalate 
developer (figure 6) as it is with hydroquinone. Quinone catalysis could 
hardly be assumed for ferrous oxalate development. The accelerating 
effect of oxidation products of the developers themselves may be due in a 
large measure, at least, to their action upon the potential barrier. It is 
significant that acceleration is observed only among the members of groups 
— 2 and —3, and that every organic member of these groups shows the 
effect. We shall discuss this question further in a subsequent paper. 

An important corollary of the explanation just given of the charge effect 
in development is that the chemical reaction itself must take place beyond the 
potential harrier and hence be localized ai or very near the surface of the grain. 
This conclusion appears to hold good for the p-phenylenediamines as well 
as for the other agents considered, since the charge effect is quite definitely 
present in the case of p-aminopheny^lycine.® 

It is to be expected that the charge effects that we have described will 
vary in magnitude from emulsion to emulsion. In emulsions containing a 
low excess of halide or a large amount of sensitizing dyes, the potential 
barrier at the grain will be small. An increase in the bromide content of 
the ion developers will increase the effect. The ferrous oxalate developers 

* The alternative posBibility, i.e., that silver ions migrate out into the solution and 
are there reduced, offers no explanation either of the charge effect or of the general 
kinetics. 
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should be quite sensitive to free ferrous-ion contents This may expUun 
the practical absence of an induction period observed when an acid ferrous 
oxalate developer containing only a slight excess of potassium oxalate is 
employed. Further, in some of the practical developers, such as D-76, 
the solvent action of the sulfite probably enters in to a marked extent, and 
we may no longer assume with safety that the reducing action occurs at 
the grain surface, at any rate entirely so. 

StJMMABY 

1. An apparatus and technique are described for the study of photo- 
graphic development in the absence of oxygen. 

2. The presence of an induction period is demonstrated in development 
by all of the agents tested that possess a negative charge on the active ion. 
When the uncharged molecule is the active agent, no induction period 
appears. 

3. The magnitude of the induction period increases with the negative 
chaise of the active ion. When the effects of oxidation products upon the 
course of development are minimized, the curves representing the induc- 
tion period for agents of any given ion species ( — 1, —2) may be superim- 
posed by correcting for the differences in absolute reaction rates. 

4. The existence of an induction period in development by negative ions 
may be explained on the assumption that an ion must penetrate a potential 
barrier due to adsorbed halide ions before it can effect reduction. This 
implies that the chemical reaction itself must take place within the poten- 
tial barrier and hence must be localized at or very near the surface of the 
grain. 

5. The action of phenosafranine, potassium bromide, and neutral salts 
in high concentrations is shown to be in agreement with predictions based 
upon the effect of these agents on the i'-potential of the silver halide grain. 

6. Oxidation products of the organic developing agents may act either 
to increase the rate of development or to decrease it. In general, an in- 
crease is observed among the developing agents that are active as divalent 
ions; a decrease is observed among those active as monovalent ions or 
neutral molecules. 

7. The decrease in development rate due to oxidation products is espe- 
cially pronounced amopg the members of the p-phenylenediamine series. 
It is suggested that the increase in development rate that accompanies an 
inctease in pH of the p-phenylenediamine solution is due to the accompany- 
ing increase in rate of destruction of the oxidation products. 

’ It is furth^ possible that, in the ease of ferrous oxalate, as the developing solu- 
tion becomes more acid the effective barrier becomes smitiler, owing to the effect of 
pH upon the gelatin. 
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The author is indebted to Dr. S. E. Sheppard of these Laboratories for 
valuable discussion and criticism. 
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INTRODUCTION 

In preceding publications of this series (19, 21, 22) it was assumed that 
the theory of Helmholtz (18) could be applied to streaming potential 
studies involving organic liquids and various solids. In this paper the 
justification of such an assumption will be attempted. 

Helmholtz (18) postulated that, at certain liquid-solid interfaces, the 
solid component assumes an electric charge of one sign and the liquid 
assumes a charge of equal magnitude but of opposite sign. These charges 
were pictured as being arranged in two adjacent layers, one of which was 
fixed to the solid and the other of which was in the body of the liquid. The 
potential assumed to exist between these two layers of opposite charge is 
known as the electrokinetic or the zeta potential. If the solid is held 
rigidly and the liquid is forced past it, the liquid will tend to carry its 
charges with it. This will cause a potential gradient to be set up in the 
direction of streaming, the magnitude of which will depend upon the rate 
at which charges are transported by the moving liquid and upon the re- 
sistance to the flow of an electric current in the direction opposite to that 
of the streaming. This potential gradient is known as the streaming 
potential gradient. The total potential built up in the direction of stream- 
ing in this manner is the streaming potential. Helmholtz expressed his 
theory in mathematical form as follows: 




( 1 ) 


1 Paper No. 1686, Journal Series, Minnesota Agricultural Experiment Station. 
This paper is greatly condensed from a thesis presented by Max A. Lauffer, Jr., to 
the Graduate School of the University of Minnesota in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, June, 1937. The thesis, con- 
taining detailed tabular data, is on file in the Library of the University of Minnesota. 

* Present address: The Rockefeller Institute for Medical Research, Department 
of Animal and Plant Pathology, Princeton, New Jersey. 
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where H is streaming potential, P is pressure of streaming, c is specific 
inductive capacity of the liquid, 1* is the electrokinetic potential, n is the 
coefficient of viscosity, and K is the specific conductivity of the liquid. 
The related phenomena of electrodsmosis and electrophoresis were also 
explained in terms of the Helmholtz double layer theory, and the equations 
involving seta were derived for each. 

The applicability of the Helmholtz theory, as later modified by Guoy 
(17) and Bri^ (5) and derived by Bikerman (4), to systems composed in 
part of aqueous solutions of electroi 3 rtes has been tested by several means. 
If this theory is adequate, the zeta potential values for a given interface 
should be identical when calculated from electrophoretic, electrodsmotic, 
and streaming potential measurements. Saxen (Briggs (5, 7)) showed 
that, if zeta from streaming potential is the same as that from electro- 
osmosis, 

electrodsmotic velocity . . . streaming potential 

current ** equa pressure 

a relationship which he found to hold approximately for a clay diaphragm 
and solutions of electrolytes. Briggs (6, 7) measured the zeta potential 
of protein adsorbed on quartz powder against electrol 3 des at various pH 
values by the streaming potential method. The values obtained agree 
only fairly well with those obtained cataphoretically on a similar 83 rstem 
by Abramson (1) and on an identical one by Abramson and Grossman (3). 
Bull (10) determined the zeta potentials of Pyrex glass coated with egg 
albumin and Bacto peptone in contact with solutions of the respective 
proteins at various values of pH, using streaming potential, electrodsmotic, 
and electrophoretic measurements. The results of a large number of de- 
terminations indicate that the values of zeta calculated from the three 
t 3 rpes of data are identical. Monaghan, White, and Urban (23) found 
i^ntical isoelectric points for gelatin on Pyrex glass (pH of 4.75) by 
streaming potential, cataphoresis, and electroosmosis. DuBois and 
Roberts (14) measured both streaming potentials and electrodsmotic 
velocities through a glass slit of known dimensions. Using 10~* normal 
electrolytes, they found that electrodsmotic and streaming potential 
studies gave the same value for the zeta potential. Moyer and Abramson 
(25) found agreement between electrodsmotic and electrophoretic studies 
on several protein-coated surfaces, even in very dilute solutions of electro- 
lytes, and Moyer (24) found the same relationship to hold for very dilute 
solutions of protein even in the absence of electrolytes. In spite kA the 
inconclusive nature of many of the earlier studies on this question, this 
more recent evidence leads to the conclusion that at interfaces, one of 
whose phases is an aqueous solution of electrolytes, the value calculated 
for the electrokinetic potential is independent of the method of evaluating. 
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Another method of testing the validity of the theory of Helmholtz as 
applied to streaming potential is to observe whether or not the streaming 
potential-streaming pressure ratio is a constant for a given system for all 
values of pressure (see equation 1). Ettisch and Zwanzig (15, 16) found 
an increase in this ratio for increasing values of streaming pressure. Bull 
(9) repeated their work and found the ratio to be constant in most cases. 
Even in those few cases in which Bull found the ratio to vary, the potential 
was a linear function of the pressure. Furthermore, Bull and Gortner (11) 
found the potential-pressure ratio to be constant for 10~* N sodium chloride 
in a cellulose diaphragm. It would seem that this second test of Helm- 
holtz’s theory yields favorable conclusions. 

Unfortunately, there are no data on the identity of zeta potentials calcu- 
lated from cataphoretic, electrodsmotic, and streaming potential measure- 
ments for systems composed of purified organic liquids and solids. How- 
ever, some data on pressure-potential ratios are -available. Although 
Martin and Gortner (22) reported that streaming potential-pressure 
ratios were not constants in various alcohol-cellulose systems, Lauffer and 
Gortner (21) have recently pointed out that the data of Martin and 
Gortner show that the streaming potential is a linear function of the 
streaming pressure. Constancy of potential-pressure ratios demands that 
streaming potential-pressure graphs not only be straight lines, but also 
that they pass through the origin of coordinates. It was suggested (21) 
that the lines obtained by plotting these data failed to pass through the 
origin because the potentials recorded represented streaming potentials 
increased or diminished by constant potentials originating elsewhere in 
the electrical circuit. Jensen and Gortner (19) found pressure-potential 
ratios to be constant for several acid-aluminum oxide and ester-aluminum 
oxide systems, and Lauffer and Gortner (21) found further that these 
ratios were constants in a considerable number of alcohol-aluminum oxide, 
organic acid-cellulose, and ester-cellulose systems. It is seen, then, that 
one essential requirement of the double layer theory of Helmholtz is ful- 
filled by organic liquid-solid systems. 

Bikerman (4) has recently derived an equation for streaming potential, 
taking into account the diffuse double layer theory of Guoy (17). His 
equation, somewhat simplified, is 

r, _ -P«r /L „ 1\ 

2tL(K -f K,) \2 a) 

where K, is the specific conductivity of the surface, a is the reciprocal of 
the mean thickness of the double layer, L is the radius of the capillary, and 
the other terms have the same mesming as before. When the capillary 
rai^uB is large compared to the thickness of the double layer {otL is great), 
this equation reduces to that of Helmholtz, as modified by Briggs (5). 
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This question of capillary radius, as related to streaming potential, has 
recently been the subject of much discussion. The potentials derived by 
streaming liquids through very small pores have been studied by White, 
Urban, and J^ck (28) and by White, Monaghan, and Urban (29). They 
found that the streaming potential-pressure ratio decreases with decreasing 
capillary diameter. This they believed to be due to increased surface 
conductivity in small capillaries. Bull (8) , Reichardt (27) , Komigata (20) , 
Bull and Moyer (13), and Moyer and Bull (26) have discussed the measure- 
ment of streaming potentials in small capillaries from a theoretical point 
of view. In this connection there appear to be three factors that must be 
considered. The streaming potential equation of Helmholtz and Smolu- 
chowski is derived by considering the double layer as being made up of two 
parallel plates. Actually it consists of two coaxial cylinders. When the 
radii of the cylinders are small compared to the differences in radii, a large 
error results, owing to this consideration. Furthermore, in very small 
capillaries there is an increase in viscosity, dependent upon the radius. 
This effect becomes pronounced in pores smaller than 10~‘ cm. Finally, 
there is the effect of electroosmotic counter pressure, which, according to 
the treatment of Bull (8), is regarded as being a function of capillary size, 
specific conductivity, and electric moment of the double layer. It is with 
the consideration of this effect that the experimental portion of this paper 
is concerned. 


EXPEBIMIBNTAL 

In the pursuit of the study previously reported by the authors (21) an 
important innovation in experimental technique was employed. It will be 
remembered that the streaming potential for any system is inversely pro- 
portional to the specific conductivity of the system (see equation 1). 
Many of the organic liquid systems studied have very low conductivities, 
and therefore the streaming potentials are very high. Two experimental 
difficulties are encountered in such ssrstems: ( 1 ) the accurate measurement 
of the very low conductivities and ( 8 ) the measurement of the high values 
of streaming potential. In order to obviate these difficulties, a short 
circuit of greater conductivity (about 10~'' ohms~^) was placed across the 
terminals of each of the streaming potential systems. It will be shown in 
the discussion that, as a natural consequence of the simple theory for 
streaming potential, this simplification of experimental method s^ukl 
not alter the value of the electrokinetic functions calculated for the several 
systems. In order to test the theory, streaming potentials were measured 
on both shunted and unshunted cells for severed ester-cellulose systems. 
Ester systems were chosen for this test because their conductivities in the 
diaphragms are considerably lower than that of the shunt, but hi|^ enough 
to be measured with confidence. The conductivities of the orgtmio add 
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systems used in the previous study were too low to be measured repro- 
ducibly, whereas the alcohol-aluminum oxide systems included in that 
work had conductivities of the same order of magnitude as that of the 
shunt, and hence were useless as a test of the theory. 

The details of the experimental procedure, as well as a discussion of the 
electrokinetic functions calculated from the data, are found in the previous 
publication (21). 

PRESENTATION AND DISCUSSION OP DATA 

In a given diaphragm the rate at which charges are carried by the 
streaming liquid to the receiving electrode is determined by the rate of flow 
of the liquid through the diaphragm. The rate of flow is proportional to 
pressure. Therefore the current that must be conducted from the receiv- 
ing electrode to the other one at the equilibrium potential is directly 
proportional to the effective streaming pressure. Since H = /?/, where H 
is the potential, R is the resistance, and I is the rate of flow of electric 
current, H = CRP, where C is a proportionality factor and P is the stream- 
ing pressure. Therefore H/RP = C, or, where K is the conductivity 
between the electrodes, HK/P = C for any given diaphragm-liquid 
system, regardless of the value of the conductivity between the electrodes. 
Therefore HK/P = H*K^/P\ where H Ls the streaming potential gen- 
erated by streaming a liquid under an effective pressure P through a 
diaphragm of conductivity and H' and P' are the streaming potential 
and the effective streaming pressure for the same diaphragm, the elec- 
trodes of which have been shunted through a resistor whose conductivity 
is K' {K' is much greater than K). 

In the equation, 

q.d. = nHK./P (2) 

Ks is the specific conductivity of the liquid in the diaphragm. Letting A 
represent the cell constant, the equation becomes 

q.d. = fiHKA/P = fiWK'A/P' = rgWK.^/P^ 

Therefore, one should be entirely justified in measuring the electrokinetic 
function q.d. in a cell w^hose electrodes are shunted through a known 
resistance, low compared to that of the diaphragm itself. Indeed, as long 
as the conductivity of the system, shunt in parallel with diaphragm, is 
known, no restrictions other than practical ones are imposed upon the 
magnitude of the conductivity of the shunt that should be used. It 
should be emphasized that the value of the cell constant must be measured, 
even though a shunt is used across the terminals of the diaphragm. This 
does not appear to be unreasonable when one realizes that the cell constant 
is really a measure of the dimensions of the diaphragm, and hence of the 
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number of charges that can be carried to one electrode at a given pressure. 
Therefore, in order to be able to obtain comparable results from one 
diaphragm to another for the same system, the cell constant must be 
measured. 

In table 1 we find a comparison of the values of g.d. measured with no 
shunt with those of {qd.y measured while using the 11-megohm shunt for 
a series of ester- cellulose systems. Instead of g.d. being equal to (g.d.)' 
for each ester system, as our reasoning would lead us to expect, (g.d.)' is 
actually greater than g.d. in every case. 

Abramson (2) and Bull (8) pointed out independently that, when a 
potential is generated across the ends of a diaphragm by streaming a liquid 
through it, an electrofismotic counter pressure is set up, which tends to 
cause liquid to flow in the direction opposite to that of the applied pressure.^ 
In other words, there is a tendency for the effective streaming pressure to 
be less than the pressure imposed across the diaphragm. This effect is 
proportional to the potential drop across the diaphragm and hence, for a 
fixed applied pressure, should be greater when no shunt is placed across 
the ends of the diaphragm than it is when the electrodes of the same 
diaphragm are shunted. In other words, on the unshunted cell the applied 
pressure overestimates the effective streaming pressure more than it does 
on the shunted cell, and therefore g.d. is underestimated to a greater extent 
than (g.d.)'. Hence (g.d.)' should be expected to be greater than g.d. 
for all systems. 

Following the method of Bull, this subject may be treated mathemati- 
cally for the case of a capillary in the following manner: 

P.^P-P. 

where P, is the effective streaming pressure, P is the applied streaming 
pressure, and P* is the electroosmotic back pressure. From the equation 
for streaming potential, 

P. « riHK./q,d, (3) 

and from the equation for electroosmosis, 

P. « 8Hq,d./i^ (4) 

where r is the radius of the capillary. Combining these three equations, 
we get 

P =: yiHKJqA, + 8Hq,dJr^ 

Dividing by P^ this becomes 

P/P, = riK.7^/8(q.d.y + 1 (5) 

* Bull considered the electrodsmotic counter effect in relation to the error it would 
cause in the measurement of the streaming potentials in systems with small capil- 
laries, whereas Abramson, proceeding in an essentially identical manner, was con- 
cerned with an explanation for the anomalous viscosities shown by very dilute solu- 
tions of electrolytes. 
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From thia equation it is apparent that, for systems in which K, and r are 
small and g.d. is large, the electrodsmotic back pressure effect becomes 
appreciable, but when K. or r is large, or $.d. small, this effect vanishes. 
For fixed values of r and g.d. the back pressure effect becomes important 
with very small values of K^, but vanishes when K, is increased sufficiently. 

Data for several studies on the system ethyl acetate-cellulose are sum- 
marised in table 1. The first two values of g.d. for this system were 
measured on unshunted ethyl acetate-cellulose diaphragms of different 
conductivities. The other values were obtained by making measurements 
OB the second diaphragm shunted through 100-, 50-, 11-, and 1-megohm 
resistors. Let us assume that the value of g.d. measured using the 11- 
megohm resistor as a shunt is the true value for g.d. for any system, ethyl 
acetate-ceUulose, and that all smaller values of g.d. for this system are due 
to deviations resulting from electroosmotic back pressure. We shall 
designate this value of g.d. by the symbol (g.d.)'. Then (g.d.y is the real 
value of the electric moment and is given by the expression 

(g.d.y = f,HK./(P - P,) 

remembering that P, is assumed to be negligible in the diaphragm shunted 
through 11 megohms. The apparent value for the electric moment is 
given by the equation 

g.d. = 

With any given diaphragm for a fixed value of P, 

g.d./{g.d.y = (P - P.)/P = 1 - 


Hence from the ratio of g.d., calculated for any ethyl acetate-cellulose 
system, to {g.d.y, the value calculated for the diaphragm shunted through 
11 megohms, we can calculate the ratio (Pe/P) of the electroosmotic back 
pressure to the applied pressure. Values of that ratio are tabulated in 
table 1. The log of ijK,/(g.d.)'* for each ethyl acetate-cellulose system is 
readily calculated from the data found in table 1. These values also 

appear in the table. In figure 1 we find P,/P plotted against log 

for the studies on ethyl acetate. The points represent values calculated 
in the manner just described, and the smooth curve is the theoretical 
curve of figure 2, which has been displaced along the horizontal axis. 


Figure 2 shows the theoretical relationship df P,/P to 


log 


nK,r* 

8(9.d.)'» 
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It was plotted by assigning arbitrary values to the latter expression and 
calculating P,/P by substituting this into equation 5. The horizontal 
displacement of the theoretical curve necessary to make it fit the points of 



Fig. 1. Diagram showing the relationship between Pt/P and log . The 

points are calculated from the data on the system ethyl acetate-cellulose, and the 
smooth curve is that of figure 2 displaced along the horizontal axis an amount equal 
to —log r*/B, 



Fig. 2. Theoretical curve plotted from equation 5 showing the relationship be- 
tween Pt/P and log ~ -f log • 

figure 1 is taken to be a measure of log r*/8, a term found in the equation 
for the curve of figure 2 but not in that of figure 1. Log r®/8 then becomes 
- 10.030. r is equal to 2.74 X 10-* cm. 0.274 micron. 
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• 1^6 evaluation of r and (qji.) the true electric moment, may be arrived 
4t somewhat more directly by the following method:^ According to the 
Consid^tionB of Bull, P » P, + P«. By combining this equation with 
equations 3 and 4 and using the ideal value of the electric moment, (q-d.)', 
one obtains the relationship: 


p ^ vHK. S{q.d.yH 

(g.d.)' r* 

But 



(q.d.y = q.d. 


+ 


8(g.d.)'* H 
r* P 


( 6 ) 


If q.d. is plotted against H/P, a straight line of intercept {q.d.)' and of 
slope —8{q.d.)'^/t^ will be obtained. Expressed in practical units {H in 
millivolts, P in cm. of mercury), 

lOVd. = ld'(9.d.)' - 2.01 X 10-*(9.d.)'V'^ X H/P 

We find that, evaluated by this method, r is 0.277 micron and (q.d.) ' has a 
value of 5.72 X 10-*. 

In these considerations r cannot be taken to mean more than the effec- 
tive mean radius of the pores in the diaphragm, if we regard the diaphragm 
as being a bundle of capillary tubes. Moyer and Bull (26) calculated r for 
a cellulose diaphragm filled with a dilute sodium chloride solution, using an 
entirdy different method. They obtained a value for r of 0.86 micron. 
Their value is subject to the same limitations as is this one. It is at least 
a remarkable coincidence that they are of the same order of magnitude. 

This method of approach is the first attempt of which the writers are 
ct^izant to verify quantitatively by means of streaming potential the 
electrodsmotic back pressure effect postulated by Abramson and by Bull. 
The fact that the data on these ester-cellulose systems may be treated 
successfully by the method of Bull is significant, not only because it 
constitutes evidence in favor of the electrodsmotic back pressure effect as a 
reality, but also becaxise it constitutes a new justification of the appli- 
cability of Helmholtz’s theory to electrokinetic studies involving purified 
organic liquids. The considerations of Bull afid of Abramson are straight- 
forward deductions from the Helmholtz theory as applied to streaming 

*■ This solution is an adaptotion of one jnroposed to the autium by Professor F. H. 
MacDougdl, to whom the authors are very grateful. 
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potential and to electroosmosis. They involve no assumptions not in- 
herent in that theory. Therefore, if the Helmholtz theory is applicable 
to systems such as those under our consideration, the electroosmotic back 
pressure effect must exhibit itself in systems with conductivities as low 
as those encountered and with mean pore radii of the order of magnitude 
of that determined for a somewhat similar system by Moyer and Bull. 
The fact that the observations fit the theory in this case shows that a 
second essential requirement of the theory of Helmholtz is fulfilled by 
organic liquid-solid systems. 

If the value for pore size just calculated is at all near the actual value in 
the diaphragm, it is entirely possible that these pores are below the critical 
range for the validity of the assumption that the double layer consists 
of two parallel plates, made in the derivation of the equation used in 
the calculation of q.d. Considerations of this subject must await more 
definite knowledge concerning the nature of the double layer at organic 
liquid-solid interfaces. 


SUMMARY AND CONCLUSIONS 

The electroosmotic counter pressure theory has been investigated quali- 
tatively and quantitatively. The results of this study can be rationalized 
with a high degree of success in terms of the counter pressure theory. 
This constitutes a second justification for applying the theory of Helmholtz 
to streaming potential studies involving organic liquids. The original 
justification is the fact that streaming potentials of such systems have been 
shown to be directly proportional to the pressures of streaming, as the 
Helmholtz equation demands. The effective mean pore size of a cellulose 
diaphragm containing ethyl acetate has been calculated in accordance 
with the back pressure theory and found to have the value of 0.27 micron. 
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THE KINETICS OF THE DESTRUCTION OF TYROSINE 
COMBINED IN THE EGG ALBUMIN MOLECULE BY 
ULTRAVIOLET RADIANT I:NERGYi 

F. W. BERNHART* and L. EARLE ARNOW 

Laboratory of Physiological Chemistry^ University of Minnesota, 
Minneapolis, Minnesota 

Received January IS, 19S9 

The exposure of protein solutions to ultraviolet radiant energy results in 
the destruction of the protein-combined tyrosine, (6). The first-order 
destruction of tyrosine in solution by ultraviolet irradiation is indicated by 
the results reported previously by Arnow (1). Irradiation of phenyl- 
alanine results in the formation of a substance giving the Millon reaction, 
which is probably tyrosine (unpublished data). The present investiga- 
tion deals with the kinetics of the destruction of protein-combined tyrosine 
during ultraviolet irradiation. 


METHODS 

Egg albumin was crystallized by the method of Cole (4) and recrystal- 
lized twice. Ammonium sulfate was removed by simple dialysis, followed 
by electrodialysis (3). The tyrosine content of irradiated egg albumin 
hydrolysates was determined colorimetrically by the Millon reaction 
(Folin and Marenzi (5)) or by a micro method previously reported (2). 
Twenty-two control determinations of the tyrosine content of non-irradi- 
ated crystalline egg albumin showed a mean value of 3.85 per cent (S. D. 
0.05 per cent). 

Approximately 8 per cent egg albumin solution, stored in an ice chest at 
5-7®C. and preserved with a toluene-paraffin oil layer, was removed by 
means of a bottom side arm on the storage flask to prevent contamination 
by the surface layer of the preservative. An accurately measured volume 
(about 10 cc.) was diluted to 100 cc. with distilled water and a definite 
volume of dilute hydrochloric acid or sodium hydroxide solution in order 
to obtain the desired pH value. 

Fresh solutions were prepared from the concentrated stock solution at 

* The data in this paper were taken from a thesis submitted by F. W. Bernhart to 
the Graduate School of the University of Minnesota in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, August, 1938. 

* Present address: Department of Biochemistry, Tulane University, New Orleans, 
Louisiana. 
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he start of each irradiation, B^d the excess solution was discarded. Be- 
fore each series of irradiBtions the pH of the solution was determined by 
means of the glass electrode, and the e^ albumin concentration was 
estimated by nitrogen analyses. 

A Burdick air-cooled quartz mercury arc was used as a source of ultra- 
violet radiant energy. This instrument was operated with a voltage drop 
of 70 volts across the arc. All solutions were irradiated at a distance of 
19.6 cm. from the light source. Two different quartz mercury arcs were 
used during the experimental work. 

Quartz test tubes (20 x 130 mm.) of approximately 25-cc. capacity, con- 
taining 18 cc. of egg albumin solution, were stoppered with rubber stoppers 
fitted with bent glass tubes which allowed free entrance of air. In the 
irradiations which were carried out under nitrogen, the dissolved oxjrgen 
was displaced by alternate evacuation and bubbling of nitrogen through 
the egg albumin solution (to which 0.02 ce. of n-heptyl alcohol had been 
added to inhibit foaming) contained in the quartz irradiation tube. After 
this process had been repeated five times, the tube was sealed. The ir- 
radiations were carried out in a constant-temperature water bath at 
25*C. ± 1®. 


KINETICS OF COMBINED TYROSINE DESTRUCTION 

The results of the t 3 Tosine analyjes are given in table 1 . T represents 
the millimoles of combined tyrosine present in 1 liter of egg albumin solu- 
tion. 

Analysis of the data indicates that the destruction of protein-combined 
tyrosine in these experiments does not occur as a zero-order, first-order, 
or second-order process. Inspection of the data indicates the possibility 
that two opposing reactions are occurring in the irradiated solution. After 
an initial rapid change of tyrosine during the first few hours of irradiation, 
the rate of destruction decreases rapidly. This is not due to any known 
physical factor, such as precipitation of the protein. 

The possibility exists that phenylalanine or other substances present in 
egg albumin may form, during the irradiation, tyrosine or a phenol that 
would give the Millon reaction. The following assumptions were made to 
test this possibility: (/) Tyrosine destruction is a first-order process. {S) 
Tyrosine, or a phenol, is formed during irradiation by a zero-order process. 

If the above assumptions are made, the rate of change of combined 
tyrosine in irradiated egg albumin solutions is given by the expression 


-dr 

dt 


kiT — k% 


where T is the tyrosine concentration at time t, ki is the first-order ve- 
locity constant of tyrosine destruction, and kt is the zero-order velocity 
constant of tyrosine or phenol formation. 
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TABLE 1 


Tyrotine pre$ent in egg Mutnin eolutione after irradiation 


DUCBIPnOK 

ATMOB- 

PHSBB 

t 

(BXPBBl- 

MEITTAL) 

(calcu- 

lated) 



hourt 

miUimaleB 
per liter 

mUlimoiee 
per liter 

Ultraviolet arc 2S; egg albumin concentra- 

Air 

0 

1.63 

1.50 

tion, 7.6 mg. per cubic centimeter; initial 


5 

1.37 

1.S8 

pH, 6.40; ki > 0.030; h ~ 0.024 


7.6 

1.36 

1.34 



10.0 

1.32 

1.30 



12.6 

1.31 

1.26 



15.0 

1.28 

1.23 



20.0 

1.17 

1.17 



25.0 

1.10 

1.12 



35.0 

1.00 

1.03 



41.0 

0.98 

1.00 



68.0 

0.89 

0.89 

Ultraviolet arc 2S; egg albumin concentra- 1 

Air 

0 

1.65 

1.49 

tion, 7.3 mg. per cubic centimeter; initial 


2 

1.44 

l.U 

pH, 6.30; ki - 0.030; kt - 0.020 


4.1 

1.38 

1.39 



6.5 

1.34 

1.34 



11.0 

1.28 

1.26 



16.2 

1.16 

1.17 



22.5 

1.12 

1.09 



30.0 

1.01 

1.00 



41.0 

0.94 

0.91 

Ultraviolet arc IW ; egg albumin concentra- 

Air 

0 

1.73 

1.64 

tion, 8.1 mg. per cubic centimeter; initial 


6 

1.59 

IM 

pH, 3.94; ki - 0.01 ; kt - 0.0081 


12 

1.50 

1.55 



24 

1.47 

1.45 



36 

1.41 

1.39 



48 

1.30 ' 

1.32 



72 

1.19 

1.21 



96 

1.10 

1.13 



240 

0.88 

0.88 

Ultraviolet arc IW; egg albumin concentra- 

Air 

0 

1.72 

1.64 

tion, 8.1 mg. per cubic centimeter; initial 


6 

1.59 

IM 

pH, 9.03; ki - 0.010; kt -> 0.0075 


12 

1.61 

1.54 


24 

1.38 

1.44 



36 

1.33 

1.38 



48 

1.31 

1.30 



72 

1.18 

1.19 



96 

1.10 

1.09 



144 

0.96 

0.97 



240 

0.85 

0.84 

1 
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TABLS 1 — Concluded 


DSSCBXPTXOM 

ATMOS- 

PBBBa 

t 

T0 

(xxpam- 

MBKTAl.) 

(CALCU* 

xatbd) 



hours 

mtUimoles 
per liter 

miUimoUs 
per liter 

Ultraviolet arc 2S; egg albumin concentra- 

Nitro- 

0 

i.es 

i.es 

tion, 7.6 mg. per cubic centimeter; initial 

gen 

10 

1.62 

1.52 

pH, 6.40; ki - 0.017; kt - 0.0168 


20 

1.40 

1.43 



29 

1.33 

1.38 



40 

1.34 

1.32 



52 

1.25 

1.25 


1 

80 

1.16 

1.16 



: 100 

1.10 

1.11 



1 140 

1.05 

1.05 



190 

0.95 

1.01 


Integrating this expression, 

T = 7’oc-*“ + i*(l - e-*“) 

Ki 

The unknowns in this equation are ki and After solving for the con- 
stants from data in the various series of irradiations, theoretical values were 
calculated. Calculated and analytical values for tyrosine are compared in 
table 1. The underlined calculated value in each series of data is the 
value of To used in calculating the other points. 

The calculated and experimental values agree satisfactorily, except that 
tyrosine destruction is more rapid during the time interval between the 
beginning of irradiation and the first determination than is predicted by 
the equation. This initial rapid destruction is not observed in the irradia- 
tion experiment performed in an atmosphere of nitrogen. The explanation 
may be that the dissolved oxygen in the solution is present in a greater 
amount at the beginning of the irradiation than after a few hours of irradia- 
tion, when oxygen diffuses in from the air. Two irradiations at pH 6.40 
showed that oxygen promotes tyrosine destruction. Identical egg albumin 
solutions were irradiated by the same light source, one solution being in 
contact with air, the other under nitrogen. The rate of tyrosine destruc- 
tion, as shown by the first-order velocity constants, was approximately 
t^ce as great in the irradiated solution in contact with air. 
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In a previous paper (2) the adsorption of alkalis by phenol-formaldehyde 
resins was shown to be predominantly chemical in character, the adsorp- 
tion maxima approximating those calculated on the assumption that no 
linkage through the phenolic hydroxyl groups occurred on polymerization. 
In the present investigation corresponding aromatic amine-formaldehyde 
resins were prepared, and certain striking differences between their adsorp- 
tive properties and those of the phenolic resins were noted. 

PROCEDUHE 

A. Preparation of resins 

The method of preparation of the resins was found to have a decided 
influence on their properties. The amine was dissolved in dilute hydro- 
chloric acid, the required quantity of formalin (40 per cent) was added, 
and the solution was allowed to stand until gelation occurred. The gel 
was broken up, and purification from acid was effected either before or 
after drying. In the former case the red gel was stirred into approxi- 
mately normal ammonium hydroxide, w'hereupon the color changed imme- 
diately to yellow, and then the mixture was allowed to stand overnight. 
The mixture was filtered, washed with cold water, with hot water until 
free from ammonium hydroxide, then with alcohol and ether, and dried. 
In the latter case the gel was dried at 100“C. or some other suitable tem- 
perature and purified as before. The purified gel was ground, screened, 
and graded to pass through 35 on to 100 mesh. 

Some resins were prepared by using an equimolecular mixture of aniline 
and acetanilide, sufficient alcohol to dissolve the latter being used. After 
standing for 2 days at room temperature, the cherry-red liquor was poured 
into ammonium hydroxide and heated on a steam bath. Subsequent 
treatment was as before. 

B. 'Adsorption measurements 

About 0.2 g. of resin was weighed out into a bottle and a known volume 
of standard acid was added. After agitation for a measured time on a 

* Present address: Eastman Kodak Company, Rochester, New York. 
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rotary shaker at room temperature (25**C. ± 2°), the solutiou was filtered 
and analyzed. A number of resins were recovered by treatment with 
alkali and the adsorption redetermined. Blanks were run using both 
distilled water and standard alkali instead of acid, in order to test for acid 
not removed by washing. 


RESULTS 

Unlike the case of the phenolic resins, adsorption by the amine-formal- 
dehyde resins is usually rapid, equilibrium being frequently attuned within 
24 hr. In figure 1 are shown results for typical aniline and m-phenylene- 



diamine resins with 0.0198 N sulfuric acid. No tests lasting longer than 
400 hr. were made. 

Equilibrium values for adsorption by the amine-formaldehyde resuis 
are considerably smaller than those shown by the phenolic resins uid are 
found to be sensitive to the proportions of reactants, temperature, etc. 
Table 1 ^ves the equilibrium adsorption for a number of resins from 0.0198 
N sulfuric acid together with deti^ of their preparation. Resin No. 6 
was prepared from an equimolecular mixture of aniline and acetanilide. 

Table 2 shows adsorption by several res^ from 0.0198 N hydrochloric 
and sulfuric acids, the last two colunans of the table diowing adsorption 
by recovered and heated resins, respectively. 
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INTERPRETATION AND DISCUSSION OF RESULTS 

As for the phenolic resins, adsorption appears to be chemical in char- 
acter; indeed, the rate of adsorption by the amine-formaldehyde resins is 
much greater than for phenolic resins. Most outstanding, however, are 

TABLE 1 


Adsorption of acid and conditions of preparation of resins 


MO. 

MOLAB BATIO 

HCl 

IfOLAB BATIO 

HCHO 

INITIAL mXlNO 
TBMPBBATURB 

TBMPBBATUBB 
OF DBTIMG 

BQT7ILIBRIUM 

AD80RPTIOK 


AMINB 

AMIMB 

Aniline resins 




•c. 

•c. 

miUtmoUt 

PET gram 

1 

1.1 

2.4 

25 

100 

0.32 

2 

1.2 

2.2 

100 

100 

0.08 

3 

0.7 

2.6 

25 

25 

1.28 

4* 

1.2 

2.1 

25 

100 

0.15 

5 

1.2 

2.1 

25 

100 

0.75 


m-Phenylenediamine resinS 


6 

2.4 

4.0 

25 

100 

1.40 

7 

2.2 

4.0 

25 

100 

1.55 

8* 

2.2 

4.0 

25 

100 

1.50 

9 

2.2 

4.0 

0 

25 

1.48 

10* 

2.2 

4.0 

0 

25 

1.50 

11 

2.2 

4.0 

100 

100 

1.55 

12* 

2.2 

1.2 

25 

100 i 

2.47 

13* 

2.2 

1.2 

25 

25 j 

2.75 


' Dried before treatment with ammonia. 


TABLE 2 


Equilibrium adsorption of hydrochloric and sulfuric acids 


MO. 

BTOBOCKLOBIC 

Aao 

SULPOBIC ACID 

BULFUBIC AaD BY 
BBCOVBBBD BBBIM 

aULFUBIC AaD 
AFTBR HBATXMG 

AT 100*C. FOB 72 BB. 


miUimolu per gram 

miUimoUt per gram 

miUimcim per gram 

mxllimcleE per gram 

1 

0.40 

0.32 



2 

0.13 

0.08 



7 


1.50 

1 1.55 


10 


1.50 

1.56 

1.21 

11 

1.50 

1.55 



13 


2.75 


1.64 


the small values for equilibrium adsorption of the amine resins, if they are 
saturated at tUs acid concentration, i.e., if the equilibrium acid adsorp- 
tion has become independent of acid concentration as was the case for 
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alkaU and the phenolic resins. (2). If polymerisation occurred without 
affecting the characteristic substituent group, as is apparently the case 
with the phenols and formaldehyde, compounds of the type 

H,N— R'— CH,— (R"(NHi)CH,),— R'— NH, 

should be formed. The aniline resin of this type might be expected to 
have an equilibrium adsorption maximum of about 9.0 millimoles per 
gram, the f?t-phenylenediamine resin of 15.8 millimoles per gram.^ None 
of the resins prepared gave values exceeding one-fifth of these maxima. 
It is clear that, unless the majority of the amino groups in some way are 
rendered structurally inaccessible to acid in the interior of the mass, they 
must be involved in the reaction between amine and formaldehyde. The 
latter view seems the more probable, as there is considerable chemical 
evidence (3, 4) that in the presence of sufficient acid and excess formalde- 
hyde condensation occurs at the amino groups as well as in the nucleus. 
Thus, with aniline a compound similar to 

I 

CH, 



may be obtained. Undoubtedly condensation would not be complete at 
all amino groups, thus accounting for the variations in the equilibrium 
adsorption of table 1 with reaction conditions. Low temperatures of 
drying and low formaldehyde-amine ratios, as might be anticipated, 
appear to discourage condensation through the amino group, thus leading 
to resins of greater adsorptive power. The initial mixing temperature 
seems to be of little importance, possibly because of the extreme rapidity 
of the reaction. Heating the dry resin usually causes a darkening in color 
and a decrease in adsorptive power, indicating a further polymerization. 
In contradistinction to the results of Adams and Holmes (1), drying with 
acid still present appears to have little effect upon the adsorptive power, 
as shown by comparison of resins 7 and 8 and 10 and 11 of table 1. 

An attempt was made to prepare aniline resins of greater adsorptive 
power by protecting the amino group during' resinification. Formalde- 

> Calculated on tiie formulas CcHt(NHt)(CHi)i/t and C*H(NHt}i(CHi)i/i, re- 
spectively. See reference 2. 
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hyde and acetanilide alone, however, reacted only slowly and could not 
be made to give a satisfactory resin. Use of an equimolar mixture of 
acetanilide and aniline gave a resin of somewhat higher adsorptive power 
(No. 5). This was still inferior to the best aniline resin. 

SUMMARY 

The rates of adsorption of sulfuric and hydrochloric acids by aniline 
and TO-phenylenediamine resins have been determined. Unexpectedly 
low values for the equilibrium adsorption were obtained, indicating that 
condensation probably occurs through the amino groups as well as through 
the nucleus. 
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INTRODUCTION 

The phenomenon of cataphoresis in aqueous media has been studied in 
great detail by colloid chemists during the last few decades. Cataphoresis 
in organic hydrophilic media has been the subject of a comparatively few 
papers only, and cataphoresis in insulating liquids is a problem which, 
although described sometimes in a more qualitative sort of way (7, 8), has 
not up to now been the subject of a quantitative experimental investiga- 
tion, as far as the author knows. However, it seems desirable that this 
field be opened for research, not only from the standpoint of physical 
chemistry, but also from the standpoint of technical applications, since 
electrophoretic procevsses in liquid insulators play a certain, partly im- 
portant r61e (5). 

The author has thought of starting a series of investigations on these 
lines, the results of the first of which are described in the following paper. 
First a theoretical part will be presented, dealing with some aspects of 
cataphoresis in insulating media. The experimental part will describe 
the results that have been obtained on polystyrene suspensions in insulat- 
ing media, chiefly mineral oil. The preparation of the necessary suspen- 
sions, the microscopic method of measuring cataphoretic mobilities, and 
the question of influencing the electrical charge by adding suitable electro- 
lytes to the system will be dealt with. 


I. Theoretical 


1. THE BASIC equation OF CATAPHORESIS 

The basic equation of cataphoresis (4), first deduced by Helmholtz and 
later more generally by Smoluchowski, is: 


u 


ejE 


( 1 ) 


^ This paper is an abridged presentation of a report submitted to the British 
Electrical and Allied Industries Research Association, London, England. 
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where u = the velocity of the particles, c = the dielectric constant of the 
medium, f b the electric potential between the bulk iA the dispersing 
phase and the phase boundary, E « the applied electric field, and q the 
viscosity of the medium. The validity of the factor 4 has recently become 
somewhat doubtful, but it is not necessary to consider this point (2). 

It should be pointed out that the deduction of equation 1 is valid only as 
long as the conductivity of the medium is at least one or two orders greater 
than that of the particle. One can easily show what will happen if this 
condition is not fulfilled. In figure la the electric field around a spherical 
particle is shown, if the above condition holds. Now suppose the electric 
conductivities of the phases to be equal; then no refraction of the field lines 
occurs, and they will pass straight across the particles, as shown in figure 
lb. In consequence the tangential component of the field, which alone is 

E 


CL* ^ 

«Fio. 1. Schematic diagram concerning validity of Helmholtz equation 
for insulating media 

acting in shifting the medium, will have its full value only at points like A ; 
in £ it has only a fractional value of the total, and in C it is zero. This 
circiunstance will reduce u, especially if the conductivity of the sphere sur- 
passes that of the medium. 

The condition attcushed to equation 1 is easily fulfilled with aqueous 
me^, but not generally with insulating ones. It is certain, for instance, 
that equation 1 does not hold for the cataphoresis of water drops in oil. 
However, we may expect its validity in our special system with a reasonable 
degree of accuracy. The conductivity of oil at room temperature and 
possessing the usual humidity is of the order of 10"** to 10"** reciprocal 
ohms per centimeter, whereas that of the artificial resins is certainly not 
higher than 10~*‘ to 10"** reciprocal ohms per centimeter, that is, it is at 
least one or two orders of magnitude lower. 

Also it should be mentioned that equation 1 is valid for particles of any 
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shape, not spheres only, in case the above-mentioned condition holds. 
This is of special interest for us, since the particles, as may be seen under 
the microscope, are by no means alwa 3 rs spherical, but sometimes pro- 
nounced bacilli (see part II, section 3). Still equation 1 remains applicable. 

Let us now consider the special aspects arising in applying equation 1 to 
organic insulating media. In discussing the various factors in equation 1, 
f, the electrokinetic potential, is certainly the most important. Accord- 
ingly it should be dealt with more in detail in the following sections. Here 
we merely assume that for a given system of components it has a definite 
value, and we shall see the way in which the other three factors, namely, 
Ef €, and i? in organic liquids, affect the cataphoretic velocity. 

A. Field strength 

Owing to the low conductivity of oils no polarization phenomena at the 
electrodes will occur. Gas liberation at the electrodes is in fact one of the 
difficulties in electrophoretic measurements in aqueous solutions. In 
insulating media no such processes occur; this is a definite advantage. 

For similar reasons the field strength may be given much higher values 
than in aqueous suspensions, without requiring any appreciable power from 
the generator, and without the slightest risk of overheating the system. 
Thus by increasing E within certain limits (see part II, section 3) we can 
increase u as well, both being proportional. 

J5, Dielectric constant 

In aqueous media € is 81 . There is an uncertainty as to its value in the 
double layer, owing to the high ionic content of the latter. Ions tend to 
affect the value of €, generally increasing it. This difficulty again does not 
exist in insulating liquids, owing to their very low ionic content. 

On the other hand, the value of € is much lower than in water, and this 
circumstance reduces the mobility of the particles considerably. With an 
average value of 2.3 for € in insulating media, the mobility will be reduced 
about thirty-five times as compared with water, 

C. Viscosity 

Finally the value of t? must be considered. Whereas in water it is 0.01 
poise, in organic solvents containing oil it becomes higher. Mineral oil 
has a viscosity at room temperature of about 0.2 to 0.5, but that of other 
organic solvents is much lower, the viscosity of xylene, for instance, being 
0.0065. Since our S 3 rstem consists of a mixture of oil with other solvents, 
medium viscosities will result, of the order of 0.05, as measured by the os- 
cillation-viscometer (see part II, section 3). This circumstance again 
reduces the mobility by a factor of about 5. 
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2. wmvcrvws or the i>ovbl.b latbb 

The different factors in equation 1 having been surveyed briefly, the prin- 
cipal one remains, namely, f. This will be decisive for the possibilities of 
cataphoresis in insulating liquids. There are two different approaches with 
regard to r, namely, its geometrical structure, so to speak, and its physical 
causes. Both are important from our point of view. We shall first dis- 
cuss the structure of the double layer, without entering into the posmble 
sources of the potential difference. 

The theory of the diffuse double layer* cannot be given here in detail, 
but some of the resulting equations will be quoted. We introduce the 
notation: 


SirFco 

a = -* — — 

t 


( 2 ) 


where F = the Faraday constant and Co = the concentration of (mono- 
valent) ions in the liquid phase ; further 


a «= 


_F 

RT 


(3) 


where R = the gas constant and T = the absolute temperature; and 

= y/^ (4) 

The total potential difference between the boundary and the bulk of liquid 
phase should be (which is not identical with f , see part I, section 3), and 
the surface charge density at the boundary should be u. The theory then 
gives a definite relation between <f>o and w. This relation can be given in 
finite form in two special cases. 

First let us assume that 


then 



( 6 ) 

( 6 ) 


where ro = the radius of the (spherical) particle. 

Second let us assume the radius of the particle to be large as compared 
with the radial dimension of the double layer; then 

<« 


* See reference 4. 
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Equation 6 or 7 shows that the above theory allows one of the two quan- 
tities ^0 and « to be dealt with as a free variable; the other is then deter- 
mined by the structure of the double layer. This indicates that in discuss- 
ing the physical sources of the potential difference one must distinguish 
between those sources that primarily determine and those that determine 
cu (see next section). 

We now introduce another quantity, the so-called ''equivalent thickness^^ 
of the double layer, 6: namely, that thickness which it would possess if the 
diffuse layer in the liquid were replaced by a surface layer. 

Our first case (equation 6) yields; 


a 



( 8 ) 


whereas the second (equation 7) gives: 


^0 

S = I 1— 

^ 8inh ^ 


(9) 


As can be seen by equation 4, the equivalent thickness of the double 
layer is inversely proportional to the square root of the ionic concentration 
Co of the solution. Putting in numerical values, we have for insulating 
liquids (all data in absolute units) : 

a = 1.2 X 10‘ 


a = 3.2 X 10>*co 

and 

jS = 2 X 10* 

Taking for Co the likely order in oil of 10~*' moles per liter (9) (not the 
total concentration of electrolyte, which is much larger, but that of free 
ions), we have from equation 8: 

5 = 1.7 X 10~* cm. 

This will be the correct order as long as the first case holds, that is, for 

^0 < 25 millivolts 

For larger potentials, on the other hand, the second approximation could 
be used. Take 200 millivolts; 5 is then, from equation 9, 

5 = 6 X 10-® cm. 

whereas the order of magnitude of the particle radius (see part II, section 3) 
is 10~* to 10~* cm. The approximation, therefore, would be just appli- 
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cable. Which of the two possibilities actually holds for our system depends 
on the magnitude of and will be seen from section 3 of part II. In any 
case the equivalent thickness is between 10~* and 10~' cm., a point to which 
rdferenoe will be made in the following section. 

3. ORIGIN OF BOUNDARY POTENTIAL 

We come to the last point of our theoretical considerations, namely, the 
question as to the origin of the potential. There are generally two possi- 
bilities; the first is a thermodynamic cause, the other is a surface effect. 

A. Thermodynamic potential 

In a system of two phases any component is, according to thermo- 
dynamics, distributed in both phases in finite amounts, even if the concen- 
trations are sometimes negligibly small. Thus in our system there is a 
certain amount of oil dissolved in the resin phase, and vice versa. 

As long as the components are electrically neutral, this distribution has 
naturally no effect upon the electric potential, but becomes effective if they 
are ions. Again the theory will not be given, only the final equation, 
namely. 


»>o = -logA/3^ (10) 

« r “ya 

where yk and Ya are the distribution coefficients between the two phases for 
cation and anion of a dissolved (monovalent) electrolyte. If, therefore. 


^0 5 ^ 0 

Actual measurements between organic solvents and water have revealed 
the existence of thermodynamic potentials of the order of 0.5 volt. Since 
the oil always contains electrolytes (organic acids, water, etc.), such poten- 
tials might easily arise in our system. 

Another possibility on a thermodynamical basis is given, if one of the 
phases behaves as a reversible electrode for a certain ion. Such is the case 
with glass, which is a reversible electrode for the hydrogen ion. Since 
artificial redns are often of vitreous structure, some might act as revereible 
electrodes too. 

Since, in our special case both phases are organic, y* and y. are not likely 
to differ from unity by several orders of magnitude. This circumstance 
would indicate a smaller potential, and thus a smaller mobility ‘than with 
aqueous media. 
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Another circumstance, on the other hand, points to an increase of the 
potential, as compared with aqueous solutions. It should be recalled here 
that ipft and f are not identical, is the total difference between the bulk 
of the two phases. Ck>nsidering f, on the other hand, it is certain that a 
liquid layer of width d, of molecular order of magnitude, will adhere strictly 
to the solid phase. According to the deduction of equation 1, f must be 
reckoned only from the point which just begins shifting, and accordingly, 
will be smaller than This is proved experimentally for aqueous and 
other hydrophilic media, f being of the order of 60 millivolts. It is obvious 
that the divergence between v’o and f is the more pronounced, the smaller 
the equivalent thickness of the double layer, 6, as compared with d. 

It has been shown in section 2 that 5 in our system will vary from 10~* 
to 10~* cm., whereas in aqueous solutions it is 10~* to 10~’ cm. If d is 
assumed to be of the order of 10“^ cm., it can be seen that, whereas for 
water f is only a fraction of ^o, in oil they will be almost identical. In spite 
of the fact that is probably smaller for oil than for water, f, in insulating 
liquids, will still be appreciable. 

B. Adsorption potentials 

The potential is not always due to thermodsmamic causes, but is fre- 
quently originated by ionic adsorption on the surface. In these cases u is 
the fundamental quantity, the potential simply following from it according 
to equation 6 or 7. 

An adsorption potential might be due to physical or chemical forces. 
Physical adsorption is generally controlled by an adsorption isotherm, such 
as that of Freundlich or Langmuir. The total surface charge is then 

w = F(n*at - »«a«) (11) 

where ni,, na = the valences, and ai,, Oa — adsorbed moles per cm.^ for 
cation and anion. It is difficult to state, without a more detailed investi- 
gation, whether or not this kind of potential plays a dominant rdle in our 
systems, but they certainly will influence any other potential, since surface 
forces of the kind considered are always present. Chemical adsorption 
usually occurs on surfaces of acidic or basic absorbents. The process is 
similar to the dissociation of weak acids or bases, the particles behaving 
like very large anions or cations. It is not impossible that such a charge 
is realised in our systems. Let us consider polystyrene, since the experi- 
ments have been carried out with this material. It is a polymerization 
product of st 3 u«ne: 

CJI. 

CH,;CH 
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The final i»odaotinay be repreaaited thus: 

c,H» Tea* “1 cai 

•CH CH, | CH CH, L-CH CH,- 

This compound does not appear to be either acidic or basic. Still one has 
to remember that the phenyl group has an affinity for the hydroxyl group 
(or any other negative group), as is evident from compounds like phenol, 
nitrobenzene, and the like. Correspondingly, the free valence at the end 
of the chain might easily pick up a hydroxide ion, thus: 

-HOCHCH,- 

acquiring a negative charge by this means. 

Such charges are well known from a number of adsorbents in aqueous 
solutions, and it is possible that polystyrene assumes a similar one. 

The theory of electrolytic dissociation as applied to colloids allows the 
surfsuse charge to be calculated under certain assumptions; when the sur- 
face charge «, is known, the potential can be computed by means of equa- 
tion 6 or equation 7. 

It might be concluded from the last section that a positive result of cata- 
phoresis experiments might be expected, either because of a thermodynamic 
potential at the boundary resin-oil, or because of ionic adsorption. 

II. Experimental 

1. PREPARATION OF THE SUSPENSION 

Polsretyrene, used in the following experiments, is easily soluble in insulat- 
ing organic solvents, among which m-xylene has been specially chosen, 
owing to its high boiling point (139.4°C.) and consequently low inflamma- 
bility. 

A standard solution was prepared by dissolving 2.5 g. of polystyrene in 
10 cc. of xylene. This solution was applied in the form of drops from the 
same pipet, each drop containing 0.0068 g. of the resin. 

This solution of pol 3 r 8 tyTene is a typical colloidal solution. According 
to Staudinger (3) it is an eucoUoid, possessing particles of a chain length 
greater than 2500 A. For the purposes of cataphoresis, however, it did not 
seem to be suitable, probably because its particles are not sufficiently 
charged. Although no final conoludbn can be drawn from this observation, 
it appears to be in contradiction to the possibility of a chemical adsorption; 
Since both of the other mechanisms, namely, phase potentials and physical 
adsorption, require a more pronounced two-phase structure, the method of 
procedure was clearly indicated. Instead of using a colloidal solution, a 
suiqienffion had to be tried. 
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This can be obtained by the method of slow precipitation. Polymeric 
styrene is practically insoluble in mineral oil, and in replacing the xylene by 
oil, the resin can be precipitated. Performing this process very carefully, 
it is possible (not with any resin of course) to reduce the precipitation 
velocity considerably, obtaining in this way suspensions that are stable, 
for a certain time at least. 

Three drops of standard solution were added to 10 cc. of xylene, and then 
carefully increasing amounts of mineral oil. A low-viscosity oil was used 
throughout this investigation. The solution remained clear after the first 
portions of oil were added, the first sign of turbidity appearing rather 
sharply. Further addition of oil increased the turbidity up to a certain 
limit, after which it remained constant. 

Preliminary experiments revealed that cataphoresis tests are possible 
with such suspensions, thus fully justifying our conclusions with regard to 
the necessity of a second phase. The presence of two distinct phases could 
be proved by microscopic examination of the suspensions. 

Suspensions or emulsions are frequently prepared with stabilizing agents, 
the r61e of which probably is to coat the particles with a thin layer which 
in its turn assumes a charge (gelatin and similar proteins). 

To find a suitable stabilizer, a suspension was made as just described. 
Four small test tubes were filled with 1 cc. each. No. 1 had no added 
material whatever. To No. 2 one drop of liquid ethyl stearate, to No. 3 
one drop of molten naphthalene, and to No. 4 one drop of a chlorinated 
diphenyl were added. 

A comparison of the four tubes, after a few hours standing, showed a pre- 
cipitate in each, the amount of which was decidedly least in No. 4, thus 
indicating that chlorinated diphenyl can be used as a stabilizer. Further 
experiments showed that it had to be present in a concentration of about 
10 per cent in order to have a pronounced beneficial effect. It is possible 
that part of the effect is due to an increase of viscosity of the suspension. 

2. THE MICBOSCOFIC METHOD 

Cataphoresis tests were carried out by two different methods: a more 
qualitative one, by producing visual deposits on metallic electrodes, and 
another, more quantitative, by microscopic investigation of the motion. 
Since the first method led to results that are important from the standpoint 
oi possible practical applications, it will be dealt with elsewhere.' Here 
only the microscopic method will be considered. 

This method must take account of the complications arising from an 
eleetrodsmotic effect near the walls. The resulting and observable motion 
of the particles is the sum of two components: first, of the real cataphoretic 

* A'paper, “Eleotrodeposition of Synthetic Resins”, is to appear in Industrial and 
Engineering Chemistry. 
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vek>dty, being equid at any depth of the trough that containa the liquid 
and the electrodes; second, of an electrodsmotic shift of the liquid, wMch 
is the result of a surface charge at the boundary wall- liquid. 

Smohichowski developed a quantitative theory to overcome this diffi- 
culty. The assumptions are only (i) that the trough is a closed one and 
(i) that the walls have a higher specific electrical resistance than the liquid. 
Tliis means that the electrical intenaty has the same value in the whole 
trough. This latter condition is easily fulfilled with aqueous solutions. 
If, then, the actual velocity is measured in two definite heights, the theory 
allows the true cataphoretic velocity to be computed from these two data. 

In our insulating system, however, the second condition is not fulfilled, 
once glass has about the same conductivity as oil, and the surface of glass, 
containing some adsorbed water, has an even higher conductivity. If a 
trough containing two parallel electrodes at a certain distance were filled 
with oil, most of the field lines would concentrate in the space between the 
electrodes and the glass, the middle portion of the trough possessing a low 
electrical field, the value of which would not be known exactly. 

Now the best criterion for good working conditions is the reversibility of 
velocity when the voltage is being reversed. When, however, actual ex- 
periments with our suspension in a trough as. just described were carried 
out, a velocity was observed, which, though changing its magnitude in 
reversing the voltage, did not change its sign. This is a clear indication 
that the real cataphoretic velocity is small, and is superimposed by insig- 
nificant mechanical currents not within the experimenter’s control. 

There are two ways out of this difficulty. One would be to use a trough 
of quartz, which has a higher specific resistance than oil, though even 
then it is doubtful whether the surface would not give rise to difficulties. 
Tlie other method, actually used, was an arrangement in which disturb- 
ances from the neighboring walls were eliminated as far as possible. 
Whereas with a trough with parallel electrodes a uniform field is aimed at, 
in oiu* device an inhomogeneous field was built up, dropping rapidly with 
increasing distance from the center of the trough, so that its value near the 
walls was already'too low to lead to any serious complication. This ar- 
rangement is not ideal, but for highly insulating liquids is still suitable, as 
the experiments showed. 

The trough is shown in figure 2. a is a glass microscope slide, b and b' 
are two strips of a slide cemented to a by means of shellac, c is one hidf of 
another slide glass, placed just at the top of b and b'. The depth of the 
trough was 1.25 mm. The electrodes, d and e, conasted copper wires, 
about 1 mm. in diameter, bait to the shape shown in figure 2. If the sepa- 
ration of the central points of the wires is very small, thai the fidd condi- 
tions just described will be fulfilled. 

The voltage was provided by a o.c. potentbmeter. Tl^e rotatiog sup- 
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port of the microscope must be made of insulating material, in order to 
avoid unwanted fields through leakage across the table. For the same 
reason it is better to use batteries instead of the mains. 

The use of the trough is as follows : The bottom and top pieces are placed 
together upon the microscope, and the liquid is allowed to run by means of 
a pipet into the free space. Then the electrodes are placed carefully in the 
liquid. The microscope must be fitted with an ocular scale, which allows 
the separation to be read. It is easy to adjust the objective lens to a point 
at which the circular copper boundaries appear quite sharp. We then 
know that the plane of observation coincides with the center plane of the 
trough. 

Measurements are made by observing by means of a stop-watch the 
time that any fixed particle requires to travel a given distance marked on 
the ocular scale. A number of readings must be taken, reversing the 
voltage after each of them. 


-h 




«u 











Fig. 2. Diagram of microscopic trough 
3. MICROSCOPIC MEASUREMENTS 

Equation 1 was used to compute f from the velocity measurements. 
The field strength E was calculated by assuming that the field at the 
central -point itself is uniform, therefore given by F/D, if F is the voltage 
shown by the potentiometer, and D the separation. The latter was meas- 
ured in divisions of the ocular scale, one division corresponding to 0.0061 
cm. The velocity u was given by 0.01 22/f in cm. per second, since the 
path travelled by the particles was two divisions (0.0122 cm.), and t was 
the time in seconds required for this distance. 

The dielectric constant of the mixture was assumed to be 2.3, since this is 
the value for tn-xylene and very nearly that for mineral oils. The per- 
centage of chlorinated diphenyl might have increased the total value some- 
what, but not considerably. Measurements of the dielectric constant have 
not been carried out. 

As to the viscosity, its value could not be estimated with any degree of 
certainty, and accordingly measurements were taken. A new apparatus, 
the oscillation viscometer, has been used, as developed by R. V. Southwell 
and the author. The instrument is described in a British patent (6) and 
in a recent paper (1), hence only a few words will be included here in 
regard to its principle. 

A diag r am of part of the apparatus is given in figure 3. An alternating 
air pressure by means of a pump (not shown in the figure) is acting from a 
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upon tbe tube b containing the liquid in question (c is a temperature bath), 
and the tube d containing mercury. Oscillations will be set up, the am{^ 
tudes of which are inversely proportional to the resistances. That of the 
mercury tube is given by its gravity (below the resonance frequency) ; that 
of the oil tube by its viscosity. Hence the viscosity can be computed from 
the ratio of the amplitudes. 

The amplitudes are read by means of two auxiliary tubes e, containing 
water or benzene, placed in front of a scale. The whole motbn is quasi* 
stationary, so that a direct reading is possible, in contrast to other known 
visoometers. 


IT 



Fici. 3. Diagram of Geniant-Southwell oscillation viscometer 


The theory will not be given, but only the final equation for computing 
the viscosity. It reads as follows : 


V 


Pro 

Sri 



Om 

a 


( 12 ) 


where p« = the density of mercury, r„ ae the radius of the mercury tube, 
ff K the gravity constant, <u » 2r times the frequency of the alternating 
pressure, Am » half the length of the mercury column, r = the radius of 
the oil tube, h = half the length of the oil column, Om = the amplitude of 
the indicator connected with the mercury tube, and a « the amplitude of 
the indicator connected with the oil tube. 

By means of this apparatus the viscosity of our system was found to vary 
somewhat around an average value of 0.05 poise. 

Conadering all data the following equation may be derived from equa- 
tion 1: 


r- 18.2X10*^ (18) 

in which D is measured in divisions of our ocular scale, t in seconds, V in 
vedts, and f is obtained in millivolts. 

The size of the particles could be estimated to about 10~* to 10~* om. 
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One had the impression that the size increased with advancing age of the 
suspension. 

The shape of the particles seemed to be spherical, in general, but in a 
number of cases, especially in suspensions older than one day, the particles 
appeared to be longish, like bacilli. In certain cases these “bacilli” ex- 
hibited a pronounced oscillatory motion of a Brownian type. 

When the voltage was switched on, motion immediately started, and 
showed the correct change of sign when reversing. Also it was noticed that 
not all the particles showed the same speed. This might be due partly to 
the inhomogeneity of the field, but partly to a non-uniformity of charge. 
Humphry and Jane have observed the simultaneous occurrence of both 
charges in rubber sols. This does not appear to be the case in polyst 3 n*ene 
dispersions, or, if so, to a very small extent. 

According to equation 1 the velocity should be proportional to the field 
strength. This is certainly the case and can be tested experimentally, 
though strictly quantitatively only in a limited range. If the field is below 
a certain value, u is so small that it is being masked by other unavoidable 
weak currents of mechanical origin. If, on the other hand, E is too large, 
secondary effects, well known from high tension technics, are set up, 
especially dielectric attraction of components of higher dielectric constant 
in an inhomogeneous field. This latter effect, proportional to E’^, can 
decidedly be observed in higher fields, since the resin has a dielectric con- 
stant about 2.5, that is, slightly higher than that of oil. Accordingly the 
law of proportionality can be tested only between this upper and lower 
limit. 

A typical observation will be given : 10 cc. of solution was prepared ac- 
cording to the directions given in section 1 of part II, having a xylene-oil 
ratio of 1 : 2 and containit^ one drop of standard solution. A few hours 
after preparation the trough was filled, D being 3.55 and V = 10. Migra- 
tion was anodic. The successive readings for t were as follows: 18, 18, 16, 
18, 20, 14, 20, 15, 18, 15, with an average of 17. Applying equation 13 we 
obtain {* = ~38 millivolts. The same solution contained much less 
particles the next day, with f = — 34 millivolts. 

There seems to be no appreciable change of the charge with time. On 
the third day only very few particles could be detected, and no reliable 
readings were taken. 

The potential has the same order of magnitude as in aqueous systems, 
with the actual values somewhat lower. This confirms our previous theo- 
retical considerations. In section 3 of part I it has been shown that 
is certainly smaller than in water. The same will hold if the potential is 
not thermodynamic but due to adsorption, since the ionic concentration of 
the liquid itself is extremely little. On the other hand, it was shown that 
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the eleetrokinetic potential f is probably a much higher fraction of the 
total than in water. Thus is very likely of about the usual order. 

If then ^ x> is assumed to hold, which is very likely, since S'^d, then 
the order for vo of 30 millivolts can be concluded. Thus the first approxi- 
mation of section 2 of part I (equations 6 and 8) will hold fairly well, where- 
as the second is unlikely. In aqueous systems the opposite is the case: 
owing to larger values of and the small values of 6 the second approxi- 
mation (equations 7 and 9) holds much better than the first. Reverting 
to the calculation at the end of section 2 in part I, S, the equivalent thick- 
ness of the double layer, turns out to be of the order of 10~* cm. 

4. INFLUENCE OF ELECTROLYTES 

In aqueous systems negative particles generally become stabilized by 
alkalis and precipitated by acids. We wanted to see whether a similar 
^ect could be traced in insulating media. The results showed that there 
is such an effect, though not so marked as in aqueous media, and that it is 
apparently reversed. Acids seem to stabilize, alkalis to precipitate by 
reversing the sign of charge. 

Owing to the low solubility of electrolytes in insulating systems, it was 
to be expected that the effect should not be pronounced. The question of 
why the reversal took place is not so easy to answer. It seems to indicate 
that the adsorption was not of a chemical nature, since in this case alkalis 
with their OH~ ions ought to increase the negative charge. This conclu- 
sion should not, however, be stated definitely, without having carried out 
further experiments on this point. Should the conclusion prove correct, 
then either physical adsorption or thermodynamical phase distribution 
must be considered, in agreement with the conclusion reached in section 
1 of part II. The acids added were hydrochloric acid and picric acid; the 
alkali potassium hydroxide. Owing to the very poor solubility of these 
substmices, small amounts of ethyl alcohol as “mediator” were added to 
some samples. In a preliminary experiment it was found that 3 per cent 
of alcohol does not by itself affect the f-potential appreciably, the latter 
being —34 millivolts. 

Picric acid. 0.3 cc. of alcohol in which a few crystals of picric acid were 
dissolved were added to 10 cc. of the suspension. On the first day f was 
— 13 millivolts, on the second day —18 millivolts, on the third —14 milli- 
volts. The following should be remarked: (f) The particles had a pro- 
nounced bacillus-like shape. (IB) The motion was extremely uniform. 
is) The life of the suspension was decidedly longer than normally. On the 
third day very reliable readings could be taken, which was not the case 
with the original suspension. (4) f remained native, but seemed alto- 
gether smaller than normally. 

.^iother experiment was carried out with a suspension to which jncric 
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acid was added directly without having it previously dissolved in alcohol. 
On the first day f was —27 millivolts, on the second day —30 millivolts. 
Motion again was very uniform. 

Hydrochloric acid. The suspension was prepared with in-xylene which 
had previously been in contact with concentrated acid in aqueous solution 
for 1 to 2 days. On the first day f was —45 millivolts, on the second -26 
millivolts, on the third —27 millivolts. 

The increase of stability was not so pronounced as with picric acid, 
probably because of the limited solubility of hydrochloric acid in the 
organic solvent. 

Potassium hydroxide. The m-xylene had been in contact with solid 
potassium hydroxide for 1 to 2 days, and had thus been allowed to become 
saturated. 

One sample exhibited an anodic migration on the first day with ^ — 19 

millivolts, which changed over to cathodic migration on the second day 
with f = +32 millivolts. On the third day only very few particles were 
detectable; f =s +35 millivolts. The particles showed a very pronounced 
Brownian motion. 

Another sample showed a very poor motion of the particles on the first 
day, the sign of the motion being variable and uncertain. On the second 
day there were only a few particles visible, migrating cathodically with 
{■ = +15 millivolts. 

A third sample was prepared with 0.3 cc. of an alcoholic potassium 
hydroxide solution added to 10 cc. of the suspension. It had a potential 
of +29 millivolts on the first day, and on the second day there were 
scarcely any particles left. 

From these observations the conclusion could be drawn that alkali tends 
to make the suspension unstable, by reversing the original negative charge 
into a positive one. That a slow reversal of sign is accompanied by 
instability is due to the fact that the chaise must obviously pass through 
sero. 


SUMMARY 

This paper deals with cataphoresis in insulating media, polystyrene being 
chosen as the disperse phase. 

In the theoretical part the validity for insulating media of the funda- 
mental Helmholtz equation is discussed, and it is shown how the various 
factors in insulating liquids will affect the velocity of the particles. The 
main factor is the boundary potential, in connection with the thickness of 
the electrical double layer. It is indicated which value for this latter 
quantity can be expected in insulating liquids, and the way these values 
might affect the electrokinetic potential. The origins of this potential 
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(thenDodynamic distribution, wd ionic adsorption) are then dealt with, 
and their possible respective rdles in insulating liquids are considered. 

In the experimental part the method is described by means of which 
suitable suspensions of polystyrene in a mixture of xylene and mineral oil 
can be prepared, and the different factors (concentration of ingredients, 
stabilisers) essential for producing the highest possible stability are 
enumerated. Two methods have been used to investigate catapboreris. 
One consists in obtaining visual deposits of the resin on metal. The other, 
discussed more in detail, is a quantitative microscopic method. The 
trough used for the latter experiments is described, together with the work- 
ing procedure and the computation of the electrokinetic potential from 
velocity data. Results of measurements follow, indicating an anodic 
motion and an order of magnitude of 30 millivolts for the potential. 
Finally the rdle of acidic and basic admixtures is investigated, showing that 
acids tend to stabilize the suspensions, whereas alkali hastens the coagula- 
tion, by reversing the negative charge of the particles into a positive one. 

This work was begun at the Engineering Laboratory, Oxford University, 
and was finished at the Department of Chemical Technology, Imperial 
College, The University of London. The author is much indebted to 
Prof^sor R. V. Southwell, F.R,S., and Professor A, C. Egerton, F.R.S., 
for facilities placed at his disposal. 
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INTRODUCTION 

« 

Entropy is commonly thought of as a very unique thermodynamic 
function with a most uncommon property of increasing all the time. It is 
also considered to be unique because it is so closely connected with the 
second law of thermod 3 miamics, which forbids perpetual motion of the 
second kind by making the efficiency of a heat engine depend upon the 
limiting temperatures between which the engine works according to the 
formula 


Eff. = 1 - r/r 

where T' and T" are the lower and upper limits of the working tempera- 
tures expressed in degrees absolute. This efiiciency can become unity only 
if T' = 0, that is, if the condenser of the heat engine is at absolute zero. 

It is the purpose of this communication to show that entropy is by no 
means unique in these two aspects, but that other common thermodynamic 
quantities share its “increasing” property and serve to define cycles the 
efficiency of which depends upon limiting values of forces other than 
temperature. 


THE SECOND LAW OF THERMODYNAMICS 

There have been many formulations (1 to 7) of the second law of thermo- 
dynamics and the end is not yet. The core of all of these formulations is 
that it is possible to represent the imperfect differential Sq, the heat ab- 
sorbed by a body, as the product of one point function and the differential 
of another, explicitly that < 

Sq= TdS (f) 

where T is the absolute temperature and S is the entropy. This may 
therefore be taken as the import of the second law regardless of its specific 
formulation. The various properties of entropy follow directly from the 
application of this equation in the standard manner. The development 
will be indicated very briefly, simply.for the purpose of comparison. For 
further details any textbook of thermodynamics may be consulted. 
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A heat engine works by usii^ beat at hig^ temperature to produce work, 
but at the same time it must discharge heat at a low temperature. In a 
typical heat engine the efficiency is defined as the ratio of the portion of 
high-temperature heat actually transformed into work to the total quantity 
of big^-temperature heat used, all friction or other irreversible processes 
being avoided. Thus in the usual Carnot cycle, consisting of two iso- 
thermal and two adiabatic steps defined by the values T", T', S', S", re- 
spectively, as indicated in figure 1, the efficiency would be the ratio of the 
heat absorbed during the expansion at T" less the heat discharged during 
the compression at T' to the heat absorbed at T" : 



Fig. 1 

Eflf. = {Q" - QO/Q" = W/Q" = 1 - Q'/Q" 

But, from equation 1, 

Q, ^ Q>, ^ 

so that 

Q'/Q" « T'/T" and Eff. = 1 - T'/T" Q.E.D. 

To prove the increasing property of entropy it is necessary to prove that 
the work done during a reversible chang^e of state is the maximum that 
can be done by a body in passing from state A to state B. This is done 
most expeditiously by observing that the work done by the body is 

a a 

JW = S 8Wr *«* 23 yrdpr 
1 1 

since there will be in general a number of kinds of work performed and each 
of th«n will be expressed as the product of a generalised force, F r, and a 
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change in the conjugate codrdinate, yr. In fact, using the first law of 
thermodynamics and equation 1, 

d£ = TdS - = TdS - Z YrAyr 

1 

= -F.dyo - Z YrAy, = -Z ^dy, (2) 

1 0 

since T and S enter formally on the same basis as the other generalized 
forces and codrdinates. Here each Yr = —dE/byr and, since the condi- 
tion for stable equilibrium is b^E/by^ > 0, 

bYr/byr < 0 

so that an increase in y, is necessarily accompanied by a decrease in Y, if 
no other changes take place simultaneously. 

An irreversible change of state is one in which the initial decrease in F,, 
which causes local inequalities in its value, occurs so quickly that no time 
is allowed for the inequalities to become ironed out by a process of diffusion 
so that a definite value of F, might be assigned to the body as a whole. 
In such a case the force actually performing the work, which is the force 
active at the seat of the disturbance, is necessarily less during an irreversi- 
ble than during a reversible change of state. Therefore the work done is 
less during an irreversible than during a reversible change of state. 

Q.E.D. 

Comparing two processes by means of which a body passes from state A 
to state B once reversibly and once irreversibly, it is clear that the change 
in value of all point functions for the body is the same in the two cases. 
In particular, AS is the same for both the reversible and the irreversible 
process as far as the working body is concerned. But the change of entropy 
of the environment is measured by —Q/T, where Q is the heat absorbed 
from the environment by the working body during the change of state. 
(By suitable mechanisms it can be arranged that the heat is supplied by 
the enviromnent from a reservoir at constknt temperature T.) But Q 
will be less in the irreversible case, because Q = AE -f W and W is less 
in the irreversible case. Hence AS for the environment is greater in the 
irreversible case, and the total change in entropy of the system of body 
plus environment will be greater in the irreversible case. It is readily 
shown that this change in entropy for the reversible case is exactly zero. 
Hence, for the whole system. 


AS ^ 0 


according as the process is irreversible or reversible. Q.E.D. 
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FUNCTIONS ANALOGOUS TO S 

A trivial class of functions analogous to 8 will be the class defined by 
the formula 


Sq = ydx 

where x may be not only 8 itself but some other function of 8. This class 
arises from the general relationship between perfect and imperfect differ- 
entials. When the imperfect differential is multiplied by certain factors, 
known as integrating factors, it is changed into a perfect differential, that 
is, into an expression immediately integrable. Now if dx = Sq/y is 
immediately integrable, then so is 

d« = /(x)dx = 6qf(x)/y 

This simply says that an infinity of functions rimilar to 5 may be inv'ented 
and used just as iS is, with a corresponding change in the scale of tempera- 
ture. There is no advantage in pursuing this point, since 5 itself is a most 
convenient function. 

. Returning to equation 2, it appears tliat formally there is no difference 
between the Ydy which stands for — Td8 and that which stands for pdv 
or any other particular form of energy. Hence there should be analogies 
between 8 and all the other y’a arid between T and all the other F’s. As a 
typical case compare 7*^ and pdv. A cycle analogous to the Carnot 
cycle would be one composed of two isobars and two isometrics as shown 
in figure 2, defined by the values p", p', v', v". The efficiency of an engine 
performing this cycle would be defined by the ratio of the work transformed 
into heat to the total work in the high-pressure process. Following 
Exactly the same development that was used with the Carnot cycle it is 
easy to prove that 

Eff. = {W” - W>)IW = 1 - W'lW” = 1 - p'lp” 

Hence the efficiency of this engine will always be less than unity unless p' 
is zero. This corresponds to stating the second law of thermodynamics 
in the form “It is impossible .to derive useful work from a substance by 
expanding it until its pressure, is less than that of its surroundings.” 
Compare with this the statement of Thomson (7): “It is impossible by 
means of inanimate material agents to derive mechanical effect from any 
portion of matter by cooling it below the temperature of surrounding 
objects.” 

The argument is clearly general and applies to the efficiency of any 
engine working in a cycle to transform one sort of energy into another. 
The efficiency of the engine, defined in a manner analogous to the above, 
will never be unity unless the lower value of Y is zero, and, in fact, the 
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maximum efficiency is always given by 1 — Y' lY" . It follows that the 
y’s are all analogues of entropy and the F’s of temperature. 

It is important to stress the last point. It is a familiar statement that 
it is impossible to attain absolute zero (of temperature). A statement less 
familiar but just as true is that it is impossible to attain zero pressure. 
All forces such as pressure, temperature, surface tension, and so forth have 
absolute values measured from some absolute zero, but in all cases the 
absolute zero of such parameters is attainable only asymptotically, that is, 
never. All such forces are measured by balancing them against other 
forces to which arbitrary values have been assigned. 

It remains to be seen to what extent and under what conditions the 
quantities y, volume, for example, exhibit properties analogous to the 
increasing property of entropy. For this purpose the whole system of 



Fig. 2 


body plus environment must be taken into account. If we consider the 
system to be isolated, which may be done if actual experimental conditions 
are extrapolated to ideal ones or if the system is the whole ph 3 r 8 ical uni- 
verse, then the energy of that ssrstem is fixed. Let (') refer to the working 
body, (") to the environment, and unaccented symbols to the whole 
system. Then in any change of state, reversible or not, 

dE = dE’ + d^*' 0 


Further 

d^' - dE" = 

Various forms of energy may be exchanged between body and environ- 
ment. Let the body undergo a change of state from A' to iB' involving 
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any suitable changes in the independent variables y/, once reverdbly and 
once irrevesibly. This will induce a corresponding change of state {A" 
to B*') in the environment such that AB" « —AE' and may result in 
various ohfmges in the y/. In the reversible case, the final state B" will 
be fixed by the final state of the body, B'. In the irreversible case the 
state B" will depend upon just how the change of state is caused to take 
place, and it is possible in general to make B" for the irreversible case 
identical with B" for the reversible case except for a difference in the fined 
wdtie qf one of the parameters y". Further, since the y’s are all additive 
for body and environment so that 

Ayr = Ay/ + Ayr" 

and since it is readily shown that in the reversible case Ayr — 0 for al^ 
values of r, it follows that in the irreversible case there will be a net change 
in at least one of the yr. 

In the usual proof of the increasing property of entropy it is implicitly 
or explicitly assumed that the final state of the environment, B", in the 
reversible case differs from that in the irreversible case solely in the value 
of the particular y" which stands for entropy. This is obviously not a 
necessary condition, although it is just as obviously a sufficient one. The 
difference might equally well have been attributed to a difference in the 
value of the y" that stands for volume or for any other coordinate. In the 
summary of the classical development given earlier in this paper it was 
stated casually that the change in entropy of the environment is meas- 
ured by —Q/T, suitable mechanisms being employed to ensure that the 
tieat is supplied from a reservoir at constant tempe'rature. This means 
that a deliberate choice has been made of B", a choice in which entropy 
alone shall have been altered. Actually the choice might have been made 
in as many ways as there are kinds of y". 

Assume that the irreversibility arose from a change of state involving 
the «“* t3rpe of energy. Then, by the argument used in development of 
the early part of this paper, Sti is greater for the irreversible than for the 
reversible change of state. Since dE' is the same for both changes, at 
least one other form of energy, say the n^'*, must have suffered a change 
8e£, which is less for the irreversible than for the reversible change. The 
corresponding change in <» for the environment, Se", will therefore be 
greater for the irreversible than for the reversible change and 

dy ': « -wn 

will be less for the irreversible change. Hence dy„ which is the sum of 
dyi and dy'n, will always be less for an irreversible than for a reversible 
cWige. Therefore the variable y„ will have suffered a net decrease every 
time there is any irreversibility. Applsring this to the specific (iase of 
entropy we note that 
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TdS = -Fodj/0, T = Ko, dS = -dyo 

Hence if the irreversibility is to be measured as a net change in entropy, 
it will be found that entropy will always increase. If, on the other hand, 
some other variable had been selected, say volume, a net decrease in 
volume would have been a measure of irreversibility. Any one of the 
usual extensive energetic factors might serve equally well to detect irreversibility 
and might he regarded as having the property of not being conserved hut of 
tending to an extreme value. 

A further consequence is that it is not necessary to restrict the lack of 
identity of the two final states B'' of the environment to a difference in 
only one of the y^. Two or more might be considered to have altered 
permanently. 

These considerations seem to have been overlooked in textbooks and 
treatises on thermodynamics, and a great emphasis upon the uniqueness 
of entropy has been the consequence. There is no’ harm, but rather a 
great convenience, in measuring irreversibility always in terms of one 
parameter such as entropy or a derived function such as free energy, so 
long as it is realized that such measurement tacitly implies that all other 
extensive properties of the universe, including volume in particular, are 
maintained at fixed values. If the isolated system is so arranged that 
this implication accords with the particular experimental set-up, then it 
is true that entropy alone increases during an irreversible process. As 
regards the whole material universe, however, we have no information 
upon any restriction upon its volume and therefore no certainty that its 
entropy is forever increasing. 


SUMMARY 

It has been shown that entropy and temperature are not unique but 
have properties analogous to other extensive and intensive energy factors, 
respectively. In particular, it is shown that the entropy is not the only 
function that may tend to an extreme value for the universe because of 
irreversibility. 
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STUDIES ON AGING AND COPRECIPITATION. XXVIII 


Adsobption of Divalent Ions on and Copbbcipitation with Ortho 
Ferric Hydroxide in Ahmoniacal Medium^ 
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School of Chemistry, Imtitute of Technology, University of Minnesota, 
Minneapolis, Minnesota 

Received December 16, 1996 

In a previous paper (4) the adsorption of the ammonio copper ion on and 
coprecipitation with ortho ferric hydroxide has been studied, and a con- 
densed review of the literature on the adsorption and coprecipitation of 
divalent ions from ammoniacal medium has been given. In the present 
work the studies have been extended to the adsorption and coprecipitation 
of zinc, nickel, cobalt, manganese, magnesium, and calcium. 

MATERIALS 

Most of the reagents and salts used were of c.p. quality. For the purity 
of ferric chloride and ammonia the reader is referred to a previous study (4). 

ANALYTICAL PROCEDURES 

Zinc was determined by the ferrocyanide method, using the directions 
of Kolthoff and Pearson (5). In a few experiments zinc was determined 
by the oxine method, following the directions of Fleck and Ward (1). 
The method yielded results that checked to 0.3 per cent when analyzing 
0.1 millimole of zinc, while an ammonium chloride concentration as great 
as 1 molar had no effect. Nickd was determined by the cyanide method, 
following the directions of Kolthoff and Griffith (3). CohaJi was deter- 
mined by the oxine method as given by Fleck and Ward (1). The pre- 
cipitated oxine salt was determined bromometrically, using the procedure 
given by Kolthoff and Furman (2). The method yielded results that 
checked. Manganese was determined by the induced oxidation method 
of Lang (7). Large amounts of chloride interfere in this determination, 
while the presence of ammonium salts has no effect. Chloride was re- 

* This article is based on a thesis submitted by L. G. Overholser to the Grad- 
uate Faculty of the University of Minnesota in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy, June, 1938. 
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moved by adding sulfuric acid and heating until heavy white fumes were 
evolved. Magnesium was determined gravimetricaily by the oxine 
method, following the directions of Fleck and Ward (1). Magnesium is 
quantitatively precipitated from a solution whose pH is between 9.5 and 
12.0. In our determinations the ratio of ammonia to ammonium salts 
was 5 to 8, which gave a pH of approximately 10 as shown by colorimetric 
determinations. Results were obtained that checked to within 0.5 per 
cent by carefully regulating the ammonia concentration. Calcium was 
determined by precipitating the oxalate and determining it volumetrically 


TABLE 1 

Ad$orption of zinc on ferric hydroxide 
Final concentration of zinc was 0.019 0.002 molar 


CONCBMTltATlOlf 

OF ▲llltONZA 

COKCSNTBATION OF 
AMMONIUM CBLORXDB 

ADBOBPnON 

AMORPnON PBU GRAM 
OF FeiOs 

motor 

motor 

per C0nt 

miUimclex 

0.234 

0.250 

12.8 

1.43 

0.234 

0.500 

8.4 

0.94 

0.234 

0.750 

6.9 

0.77 

0.234 

1.00 

4.9 

0.55 

0.234 

1.25 

4.9- 

0.55 

0.234 

1.50 

4.2 

0.47 

0.234 

1.75 

3.2 

0.35 

0.733 

0.077 

12.4 

1.38 

0.733 

0.250 

6.5 

0.72 

0.733 

0.500 

3.4 

0.38 

0,733 

0.750 

2.1 

0.23 

0.733 

1.00 

0.9 

0.10 

0.733 

1.25 

0.8 

0.09 

0.733 

1.50 

1.1 

0.12 

1.230 

0.077 

9.2 

1.02 

1.230 

0.250 

5.3 

0.59 

1.230 

0.500 

2.8 

0.31 

1.230 

0.750 

0.9 

0.10 

1.230 

1.00 

0 

0 


with permanganate. Ammonia was determined by the ordinary distilla- 
tion method, using sodium hydroxide. The evolved ammonia was deter- 
mined by the hypochlorite method of Kolthoff and Stenger (6). 

KXlPEBnCENTAL BESTTLTS 

Adsorption experiments on ferric hydroxide precipitated at room temperature 

The entire amount of ammonia Was added rapidly with constant stirring 
to 25 ml. of 0.1 M ferric chloride, 10 ml. of an approxunately 0.2 M solution 
of the metal salt whose adsorption was bring studied was added, and the 
suspeotrion was diluted to 100 ml. with distilled water. The suspension 
was aUowed to stand for 40 min. at room t^perature with occarional shak- 




COPRBCIPITATION WITH FERRIC HYDROXIDE 


769 


TABLE 2 


Adsorption of nickel and cobalt on ferric hydroxide 
Final concentration of nickel was 0.018 db 0.002 molar; of 
cobalt 0.017 0.002 molar 


COKCaNTBAnOM 
or AMMOmA 

COHCBNTBATIOK 
or AMMOMIUM 
CHLOBXBi: 

AMOBPTION 

ADBOBPTIOM PBB OBAIC OF FwOl 

Ni 

Co 

Ni 

Co 

motor 

motor 

ptr unt 

i per cent 

iniUitnole$ 

mtllimUea 

0.250 

0.077 

20.3 


2.03 


0.500 1 

0.077 

15.4 


1.53 


0.750 1 

0.077 

12.5 


1.25 


0.900 

0.077 

11.2 


1 1.12 


1.25 

0.077 

9.2 


! 0.91 

1 

1 

1.50 

0.077 

7.4 

• 

0.74 


2.00 

0.077 

5.9 


0.59 


0.250 

0.500 

9.6 


0.95 


0.250 ! 

1.00 

6.0 

24.3 

0.59 

2.48 

0.250 

1.50 

4.7 

19.7 

, 0.47 

2.01 

0.250 

2.00 

3.2 

16.5 

1 0.32 

1.69 

0.900 

0.500 

3.1 

20.2 

1 0.31 

2.06 

0.900 

1.00 

1.3 

15.2 

0.13 , 

1.56 

0.900 

1.50 

0.6 

10.4 

0.06 

1.06 

0.900 

2.00 1 

0.4 i 

9.5 

0.04 

0.97 

1.50 

0.500 

1 1.6 1 

17.5 

1 0.16 

1.79 

1.50 

1.00 

0.8 

11.6 

! 0.08 

1.19 

1.50 

2.00 

0.3 i 

8.2 

1 0.03 

0.83 

2.00 

1.00 

1 0 1 

10.4 

1 0 

1.06 

2.00 

2.00 

1 0 

6.9 

1 0.01 

0.70 


TABLE 3 

Adsorption of manganese on ferric hydroxide 


MANOANBSB 

CONCBNTBATION* 

CONCBNTBATION 
or AMMONIA 

CONCBNTBATION 
or AMMONIUM 
CHLOBIDB 

ADSORPTION 

ADSORPTION PBB 
OBAM or FoiOs 


molar 

molar 

per eont 

mUlimoUo 

1 

0.003 

1.00 

8.1 1 

0.83 

1 

0.01 

1.00 

16.4 1 

1.70 

1 

0.05 

1.00 

30.7 : 

3.18 

1 

0.10 

1.00 

38.1 1 

3.95 

1 

0.10 

1.50 

33.8 

3.50 

1 

0.10 

2.00 

30.2 

3.12 

1 

0.20 

2.00 

33.0 

3.42 

2 

0.003 

0.250 

45.9 

0.47 

2 

0.003 

0.500 

36.3 

0.37 

2 

0.003 

1.00 

27.2 

0.28 

2 

0.003 

1.50 

22.3 

0.23 

2 

0.003 

2.00 

1 20.3 

0.21 


^ 1 refers to a final concentration of manganese of 0.016 ±. 0.003 molar; 2 refers 
to a final concentration of manganese of 0.0014 dr 0.0003 molar. 
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ing and then filtered. An aliquot portion of the filtrate was analyzed for 
the metal by the appropriate procedure. Where required, ammonium 
chloride was added prior to the addition of the metal salt solution. The 
final concentration of ammonia was found from the total amount added 
by subtracting the amount required for the precipitation of the ferric 
c^ride, the amount reacting with the metal salt, and, in the case of zinc, 
nickel, and cobalt, the amount required to keep the metallic ion in solution 
as the ammonio ion. The results on the adsorption of zinc, nickel, cobalt, 
manganese, calcium, and magnesium are given in tables 1 to 4, inclusive. 

TABLE 4 

Adaorption of magnesium and calcium on ferric hydroxide* 

Final concentration of magnesium was 0.020 ± 0.0015 molar; 
of calcium 0.018 db 0.002 molar 


COMCBMTBATXOM j 
or AMHOHU 

CONCUITBATXON 
OF AlIMONXUll 
CHLOIUDX 

ADBOBPnOM 

ADSOBmON FBB OBAM OF Fe«Os 

Mg 

Ca 

Mg 

Ca 

malar 

molar 

pareent 

pareent 

millimoLea 

miUimolaa 

0.004 

0.077 

5.2 

5.1 

0.55 

0.51 

0.004 

0.250 

2.5 


0.27 


0.004 

0.500 

0.8 

2.5 

0.09 

0.25 

0.004 

1.00 

0.4 

1.2 

0.04 

0.12 

0.004 

1.50 

0.6 

0.9 

0.06 

0.09 

0.004 

2.00 

0 

0.2 

0 

0.02 

0.500 

0.077 


16.9 i 


1.69 

0.900 

0.077 


19.0 


1.90 

0.900 

0.500 

14.6 


1.56 


0.900 

1.00 

9.3 

12.2 

0.99 

1.22 

0.900 

2.00 

5.5 

9.6 

0.59 

0.96 

1.80 

0.077 


20.8 


2.08 

1.80 

0.500 





1.80 

1.00 

10.4 

i 13.5 

1.11 

1.35 

1.80 

2.00 

6.7 

1 10.6 

0.71 

1.06 


* In the magnesium experiments the ferric hydroxide was aged for 1 hr. prior to the 
addition of magnesium. Calcium was added immediately after the preciintation of 
the ferric hydroxide. 


Effect of eodium sulfate on the adaorption of tine 

From the results reported in table 1 it is seen that the adsorption of 
zinc was greatly reduced and in some instances entirely eliminated by 
the presence of large amounts of ammonium salts. It was of interest to 
determine the effect of other salts on the adsorption; accordingly several 
ejqieriments were performed in the presence of varying amounts of sodium 
sulfate. With all other experimental conditions identical, the presence of 
0.6 AT sodium sulfate reduced the adsorption of zinc itom 11.4 to 7.8 per 
cent, while 1.0 M sodium sulfate reduced it to 6.9 per cent. Ammonium 
ehloride present in the above concentrations reduced the adsorption to less 
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than 1 per cent. Kolthoff and Moskovitz (4) have reported similar results 
in studies of the effect of potassium chloride and other alkali salts on the 
adsorption of copper. 

Adsorption isotherm of zinc and nickel 

Sufficient ammonia was added at room temperature to 25 ml. of 0.1 M 
ferric chloride to give an excess of 0.1 mole after diluting to 100 ml., var 5 dng 
amounts of either zinc sulfate or nickel chloride were added immediately 
after precipitation, and the suspension was allowed to stand for 40 min. 
at room temperature with occasional shaking prior to filtration. The 
results are given in table 5 with the calculated values obtained from the 
Freundlich adsorption equation 


TABLE 5 


Adsorption isotherm of zinc and nickel in 1 M ammonia 


FIKAL CONCENTHATIOM 



NUMBER OP MILUMOLES PER ORAM OF FesOl 

Zinc 

Nickel 

. 

KING 

ADSORBBU 

NICKBL 

ADAORBBD 

Zinc 

Nickel 



Found 

Calculated 

Found 

Calculated 

molar 

0.00342 

molar 

0.00360 

per cent 

32.3 

per cent 

27.6 

0.81 

0.82 

0.67 

0.66 

0.00782 

0.00809 

22.0 

17.9 I 

1.09 

1.08 

0.87 

0.85 

0.0172 

0.0176 

14.4 

10.8 { 

1.43 

1.44 

1.06 

1.05 

0.0316 

0.0320 

9.9 i 

7.1 ! 

1.72 

1.81 

1.22 

1.27 

0.0463 

0.0465 

7.9 i 

5.4 1 

1.97 

2.10 

1.32 

1.43 

0.0663 

0.0664 

6,0 i 

4.1 

2.09 

1 2.42 

1.42 

1.61 

0.0962 

0.0956 

4.3 j 

3.3 

2.13 

I 2.79 

1.62 

1.82 


m 

in which X/m repreaents the number of millimoles of zinc or nickel ad- 
sorbed per gram of ferric oxide and a is a constant, which was found to be 
7.16 for zinc and 3.98 for nickel, while 1/n was found equal to 0.41 for 
zinc and 0.34 for nickel. At the higher metal concentrations the experi- 
mental values were smaller than the calculated ones, in agreement with 
the results reported by Kolthoff and Moskovitz (4), who attributed the 
deviation to a repression of the adsorption of copper by the ammonium 
salts formed by the interaction of the copper salt with ammonia. 

The form in which zinc is adsorbed 

Two different types of experiments were performed to determine whether 
the zinc was adsorbed as ammonio or as aquo ion. In one set the am- 
monia was added at room temperature to a mixture of 25 ml. of 0.1 M 
ferric chloride and 25 ml. of 0.09 M zinc sulfate and the suspension was 
diluted to 100 ml. After 15 min. of standing, the supernatant liquid was 
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removed and analysed for sine. 'Hie precipitate was waited with con- 
ductivity water until the washings gave no test for anunonia with Neesler’s 
reagent and was then analysed for sine and ammonia. The results riiowed 
that, whereas the amount of sine in or on the precipitate ranged from 
0.14 to 0.17 3nillimole, only 0.01 millimole of ammonia was present, in- 
dicating that the adsorption was not one of sine ammonia ions. 

During the washing process in the above procedure sine was slowly 
removed from the precipitate and was still being washed out after a nega- 
tive test for ammonia was obtained. To preclude any effect that the 
washing may have had, the following procedure was also utilised: 25 ml. 
of a solution of zinc ammonio complex of known zinc and ammonia content 
was added to 25 ml. of a freshly prepared ferric hydroxide suspension 
of known ammonia content. The suspension was diluted to 100 ml. with 
ammonia-free water and centrifuged after 40 min. of standing at room 
temperature. The supernatant liquid was analyzed for both zinc and 
anunonia, and the amount of each adsorbed was calculated from these 
results and the original composition of the solution. It was found that 
0.7 millimole of zinc but only 0.2 millimole of ammonia had been adsorbed. 
These results, in agreement with the preceding ones, show conclusively 
that the zinc was adsorbed not as the ammonio ion but probably as the 
aquo ion or the anhydrous zinc ion. 

Adsorption on ferric hydroxide precipitate formed cd 98°C. 

Twenty-five milliliters of 0.1 M ferric chloride was heated to 98®C., the 
iron precipitated with ammonia at this temperature, and the suspension 
cooled to room temperature immediately. The adsorption of the different 
metals was then determined in a manner analogous to that of the experi- 
ments in which the precipitate was formed at room temperature. It was 
found that in the case of nickel and magnesium the amount of metal 
adsorbed on the precipitate formed at OS^C. was about one-half of that 
adsorbed on the precipitate formed at room temperature. For cobalt 
the difference was less, but the adsorption of this metal increases markedly 
with the time of standing, making a true comparison difficult. More 
will be said of this behavior of cobalt in a subsequent paper. Kolthoff 
and Moskovitz (4) aged the precipitate for 1 min. at 98°C., following the 
precipitation at this temperature, then cooled and found about three 
and five-tenths to four times as much copper adsorbed on the precipitate 
formed at room temperature as on that formed at The greater 

difference in the case of copper is explained by the fact that upon heating 
the precipitate even for only 1 min. a pronounced aging occurs. 

Coprecipitation experiments at room temperatwre and at 98°C. 

The ammonia was added at room temperature to a mixture consisting 
of 25 ienl. of 0.1 M ferric chloride, 25 ml. of approximately 0.08 M metal 
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salt, and varying amounts of ammonium chloride (where required). The 
suspension was diluted to 100 ml. with water, allowed to stand at room 
temperature for the designated period of time, and filtered; the filtrate 

TABLE 6 


Coprecipitation of zinc* 


COSCSIITBATION 
or AimOMIA 

COHCKNTBATION 

OF AMlIOinUM 
CB1.0BIDK 

1 

TBMPBRATURB OF 
COPRBCXPITATION 

COPRBClPITAnOM 

COPRBCIPXTATXON 
PBR ORAM OP 

FejOt 

mtior 

molar 


pereorU 

miUimoUa 

0.00 

0.077 

Room temperature 

17.6 

1.08 

0.00 

0.008 

OS^C. 

17.7 

1.00 

0.00 

1.75 

Room temperature 

2.4 

0.27 

0.00 

1.75 

08°C. 

1.1 

0.12 

i.sr 

0.077 

Room temperature 

12.5 

1.40 

1.81 

0.008 

08*^0. 

i 11.2 

1.26 

1.81 

1.75 

Room temperature 0.4 

0.04 

1.81 

1.75 

1 OS^C. 

! 0 

1 

0.01 


* From 10 to 15 min. elapsed between precipitation and filtration. The final 
concentration of zinc was 0.020 0.002 molar. 


TABLE 7 

Coprecipitation of nickel and cobalt 
Final concentration of nickel was 0.017 zt 0.003 molar; 
of cobalt 0.017 dr 0.002 molar 


comcbmtra- 

TION OF 
AMMONIA 

CONCBNTRA- 
TION OF 
AMMONIUM 
CRXjORIDB 

TBMPBRATURB OP 
COPRBCIPXTATXON 

COPRBaPITATlON 

COPRBCXPITATION PBR 

ORAM or FesOs 

Ni 

Co 

Ni 

Co 

molar 

molar 


percent 

per cent 

millxmoUa 

miUtmolee 

0.250 

0.077 

Room temperature 

28.3 


2.82 


0.500 

0.077 

Room temperature 

21.1 


2.10 


0.000 

0.077 

Room temperature 

14.7 


1.47 


0.000 

0.007 

Room temperature 

13.4* 


1.34* 


0.000 

0.007 

98^0. 

18. 7* 


1.86* 


0.000 

0.500 

Room temperature 


27.2 


2.76 

0.000 

1.00 

Room temperature 

2.4 

17.9* 

0.24 

1.82* 

0.000 

1.00 

98®C. 


19.7* 


2.00* 

0.000 

1.50 

Room temperature 

1.3 

16.2 

0.12 

1.64 

0.000 

2.00 

Room temperature 

0.6 

12.3 

0.06 

1.25 

1.50 

0.077 

Room temperature 

10.1 


1.00 


1.60 

0.50 

Room temperature 


19.5 


1.98 

1.50 

1.00 

Room temperature 


15.2 


1.54 

1.50 

2.00 

Room temperature 


7.1 


0.72 

2.00 

0.077 

Room temperature 

7.9 


0.78 


2.00 

1.00 

Room temperature 

0.3 

10.5 

0.03 

1.07 

2.00 

1.50 

Room temperature 

0.1 


0.01 


2.00 

2.00 

Room temperature 

0 

6.6 

0 

0.67 


* From 5 to 8 min. elapsed between precipitation and filtration. In all other 
cases this period was 40 min. 
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CcprmpUaHon ^ manganese tU roam iempmUure 


MAireAiraui 

coHcairniATioir 
or AMaoinA 

coMcsirrmAtsoir 
or AMMOjacM 

CSLOaXDB 

coraponprrATXoii 

corBaomTATtON 
. rBBOBAMOr 
VrgOi 


malsr 

motet 

pot coni 

mUlimeUc 

1 

0.003 

1.00 

11.2 

1.16, 

1 

0.003 

2.00 

8.2 

0.85 

1 

0.05 

1.00 

40.1 

4.12 

1 

0.10 

1.00 

47.6 

4.88 

1 

0.10 

1.50 

41.7 

4.29 

1 

0.10 

2.00 

38.2 

3.92 

1 

0.20 

2,00 

43.8 

4.50 

2 

0.003 

1 0.25 

56.6 

0.60 

2 

0.003 

1 0.50 

45.2 

0.47 

2 

0.003 

i 1.00 

33.5 

0.35 

2 

0.003 

1.50 

20.0 

0.30 

2 

0.003 

2.00 

23.9 

0.25 


* 1 refers to a final concentration of manganese of about 0.015 =t 0.004 molar, and 
2 to a final concentration of 0.0013 zb 0.0003 molar. The time between precipitation 
and filtration was from 6 to 10 min. 


TABLE 9 


Coprecipitation of magnesium and calcium* 

Final concentration of magnesium was 0.019 dz 0.002 molar; 
of calcium 0.018 dr 0.002 molar 


COMCBMTBA- 

noM or 

AMMONIA 

CONCBMTBA- 

TXOM or 

AMMONIUM 

OBLOBXOB 

TBMPBBATUBB OF 
COPBBCXnrATION 

COPBBaPXTATXON 

COPBBCXPrr ATXON PBB 
OBAM OP F«fOs 

Bfts 

Cm 

Mg 

Ca 

motor 

nudor 


pot cent 

per cent 

miUimotee 

mUlimoUe 

0.001 

0.077 

Room temperature 

4.0 


0.41 


0.001 

0.50 

Room temperature 

0.9 


0.09 


0.001 

1.00 

Room temperature 

0.9 


0.09 


0.001 

1.50 

Room temperature 

0.2 


0.02 


0.001 

2.00 

Room temperature 

0.3 


0.03 


0.003 

0.097 

98'C. 

6.7 


0.70 



0.50 

98®C. 

1.2 


0.12 


0.003 

1.00 

98®C. 

0.3 


0.03 



1.50 

98*C. 

0 


0 


0.003 

2.00 

98*C. 

0 


0 



0.077 

Room temperature 


6.4 


0.64 


1.00 

Room temperature 


2.5 


0.24 


2.00 

Room temperature 


1.1 


0.11 

0.900 

0.077 

Room temperature 


20.8 


2.07 


1.00 

Room temperature 

16.5 

12.9 

1.72 

1.29 


1.00 

98‘»C. 

12.7 

7.7 

1.32 

0.77 


2.00 

Room temperature 

9.9 


1.03 



2.00 

98®C. 

8.3 


0.86 



0.077 

Room temperature 


22.9 


2.28 

Bj^^B 

1.00 

Room temperature 

19.8 


2.07 


B|^^B 

1.00 

98*^0. 

13.7 


1.43 


BK!^B 

2.00 

Room temperature 

13.1 


1.37 


1.80 1 

2.00 

98*C. 

9.3 


0.97 



* The time between precipitation and filtration was 40 min 
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was analyzed for the metal being studied. (See tables 6, 7, 8, and 9.) 
In the experiments in which the coprecipitation was performed at 98®C. 
the mixture of ferric chloride, metal salt, etc. was heated to 98°C. prior to 
the addition of the ammonia and was cooled to room temperature im- 
mediately thereafter. 

Coprecipitation at low concentration of the metals 

The concentration of the metals was approximately 0.002 Af, that of 
the iron 0.025 Af. The experiments were carried out at room temperature, 
and the precipitates were filtered after standing for 40 min. The results 
are given in table 10. 


TABLE 10 

Coprecipitation at low concentrations at room temperature 


MVTAl. 

1 

CONCBNTBATION 
or AMMONIA 

CONCBNTBATION 
or AMMONIUM 
CBLORIDB 

COPRBCTPITATION 

COPBBCIPITATION 
PBR GRAM or 

FejOa 


motor 

motor 

percent 

millttnoUa 

Zinc . 

2.00 

2.00 

1 0.3 

0.003 

Nickel . . . 

2.00 

2.00 

5.0 

! 0.048 

Magnesium. ... 

0.003 

2.00 

3.6 

0.037 

Calcium 

0.003 1 

2.00 

0.7 

0.006 


Coprecipitation of a mixture of zinc and calcium 

The experiments were carried out at room temperature, using a con- 
centration for zinc and calcium of approximately 0.02 M and an iron 
concentration of 0.025 M. At ammonia and ammonium chloride con- 
centrations of 0.900 and 0.076 Af , respectively, the per cent of zinc co- 
precipitated was 9.2, as compared to 17.7 per cent when zinc alone was 
coprecipitated with iron. Under these conditions the per cent of calcium 
coprecipitated was 30.3, as compared to 21.0 when coprecipitated in the 
absence of zinc. In 0.900 Af ammonia and 1.00 Af ammonium chloride 
the i>er cent of zinc coprecipitated in the presence of calcium was 1.5, 
as against 3.2 without calcium. The per cent of calcium coprecipitated 
was 16.3 in the presence of zinc, 13.1 without zinc. The decrease in the 
amount of zinc coprecipitated in the presence of calcium was anticipated, 
since in this case part of the adsorptive surface was covered with calcium, 
leaving less available for the zinc. The increase in the coprecipitation of 
calcium in the presence of zinc, however, is not understood. It is peculiar 
that the amount of calcium coprecipitated from the mixture is equal to 
the amount of calcium coprecipitated in the absence of zinc plus the 
amount of zinc coprccipitated in the presence of calcium. 

DISCUSSION 

1. From the first four tables and figure 1 it is seen that the adsorption 
of the various cations decreases with increasing ammonium chloride con- 
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cratration. The ammoaium salts have two effects: (a) the ammonium 
ion has a replacing effect upon the other adsorbed ions; (b) the ammonium 
ions decrease the hydroxide-ion concentration of the solution. The ad- 
sorption of the various metals is due to a primary adsorptbn of hydroxide 
ions and a secondary adsorption of the cations. The primary adsorption 
of hydroxide ions decreases with decreasing hydroxide-ion concentration 
and, consequently, the secondary adsorption of cations also. That the 
replacing effect of the ammonium ions is not solely responoble for the 
decrease of the adsorption is apparent from a comparison of the effects of 
rnnmonium and sodium salts upon the adsorption of zinc (and of potas- 
sium upon copper (4)). Sodium ions have less effect than ammonium 




MOLAR CONCENTRATION OT NH^ MOLAR CONCENTRATION OT NH, 

Fig. 1 Fig. 2 

Fig. 1. Effect of ammonium chloride concentration on the adsorption of the 
various metals. I, cobalt; II, calcium; III, magnesium; IV, zinc; V, nickel. Con- 
centration of ammonia present: I, II, III, and V, 0.90 M ; IV, 0.73 M. 

Fig. 2. Effect of concentration of ammonia on the adsorption of the various 
metals. I, cobalt; II, calcium; III, magnesium; IV, nickel; V, zinc. The concen- 
tration of ammonium chloride was 1.00 M in all cases. 

ions,, as they do not decrease the hydroxide-ion concentration in the 
solution. 

2. When the effect of ammonia concentration upon the adsorption 
is plotted we notice that the adsorption of calcium and magnesium in- 
creases with increasing ammonia concentration, but that the adsorption of 
zinc, nickel, and cobalt (and copper (4)) decreases. As an increasing am- 
mohia concentration causes an increase of the hydroxide-ion concentration 
in the solution, an increase of the adsorption was to be expected and was 
actually found in the case of calcium and magnesium (and manganese). 
At the ammonia concentrations used, calcium and msgnesium are mainly 
in solution as aquo ions. This is no longer true for zinc, nickel, and cobalt 
(and copper). In agreement with results reported by Miss Invy (8) we 
found t^t zinc is adsorbed not in the form of the ammonio ion but prob- 
ably as aquo ion. The decrease, with increasing ammonia concentration. 
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of the adsorption of metals that form stable ammonio complexes — zinc, 
nickel, cobalt, copper — then is explained by the fact that the concentration 
of the aquo ions in solution decreases. 

3. The Freundlich isotherm X = ac^'” holds over a wide range of con- 
centrations for the adsorption of zinc and nickel (and copper) from 1 M 
ammonia. 

4. All factors that affect the adsorption of the various metals affect 
their coprecipitation with ortho ferric hydroxide in a similar way. A 
comparison of the amounts of the metal ions adsorbed and coprecipitated 
under varying conditions is given in table 11. When comparing the 


TABLE 11 

Comparison of adsorption and copreeipitaiion 


1 

lODTAL 

ADSORPTION ON 
THB PRBCIPITATE 
rORMBD AT BOOM 
TBMPBBATURB 

COPBBCXPITATION 
AT ROOM 
TSMPIIRATUBB 

COPBBCXPITATION 
AT 98*C. 

ADSORPTION ON 
THE PRBCIPXTATB 
FORMED AT 98^. 


per cent 

percent 

per cent 

per cent 

Zinc. . 

11.9 

17.6 

17.7 


Nickel 

9.3 

13.4 

18.7 

5.7 

Nickel 

20.3 

28.3 



Nickel 

5.9 

7.9 



Cobalt 

10.9 

17.9 

1 19.7 

7.4 

Cobalt. . . 

9.5 

12.3 1 

i 


Cobalt 

17.5 1 

19.5 



Cobalt 

20.2 

27.2 j 



Magnesium . 

9.3 ! 

16.5 

12.7 

4.4 

Magnesium . 

6.7 

13.1 

9.3 


Calcium 

12,2 

12.9 

7.7 


Calcium 

19.0 

20.8 



Calcium 

20.8 

22.9 

1 ■ 



figures in a horizontal row the final composition of the solution was always 
the same. 

It is seen that at room temperature the amount of metal coprecipitated 
was somewhat greater than the amount adsorbed when the metal was 
added immediately after the precipitation of the hydroxide. This is in 
agreement with the results obtained with copper (4). Ferric hydroxide 
at room temperature precipitates in an amorphous form-with a large sur- 
face development. After its formation the hydroxide undergoes aging 
(agglomeration of primary particles, polymerization), which results in a 
decrease of its surface and therefore its adsorptive properties. When the 
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metal is coprecipitated with the hydroxide it can be adsorbed on the 
entire surface, whereas when added after the precipitation it does not 
necessarily have access to the entire internal surface because of the aging 
that may have occurred. Consequently one would expect the coprecipita* 
tion to be greater, but the difference found was not great. Apparently, 
most of the surface of the amorphous precipitate formed at room tempersr 
ture is exposed to the solution. 

When formed at 98®C. a product possessing more crystalline properties 
separates than at room temperature. Thus the adsorption on the hy- 
droxide formed at 98®C. would be expected to be less than on the product 
formed at room temperature. Actually this was found, the adsorption 
being roughly one-half as much on the product formed at 98®C. as on that 
formed at room temperature. 

Whereas the temperature of precipitation has a marked effect on the 
adsorption, very little difference in the amount of coprecipitation was 
found at the two different temperatures. In the case of zinc the amount 
coprecipitated was nearly equal at the two temperatures; for nickel and 
cobalt it was somewhat greater at 98®C. ; and for calcium and magnesium 
it was smaller at 98®C. Since the precipitate formed at 98®C. already 
portrays crystalline properties, adsorption during the growth of the par- 
ticles may occur, resulting in an occlusion. This explains why the co- 
precipitation is much greater than the adsorption when precipitation is 
carried out hot, whereas at room temperature coprecipitation and adsorp- 
tion are of the same order of magnitude. 

A close comparison of the coprecipitation data at room temperature and 
at 98®C. is somewhat complicated by the fact that the amounts of copre- 
cipitated zinc, nickel, and cobalt (and copper) at 98®C. increase markedly 
when the precipitate is left in contact with the solution. In a subsequent 
paper it will be shown that the rate of increase of nickel and cobalt on 
standing is greater than that of zinc. This explains the fact that the 
coprecipitation of nickel and cobalt at 98^C. was found to be greater than 
at room temperature, while that of zinc was the same at both temperatures. 
In the case of magnesium little change was noted in the coprecipitation on 
standing at 98®C. From the results reported one would conclude, then, 
that the actual coprecipitation is slightly greater at room temperature 
than at 98®C. 

The amount of calcium found coprecipitated at 98®C. was found to 
decrease markedly with the time of standing. Thus, it is not surprising 
to find that the amount of calcium coprecipitated at 98®C. is smaller than 
at room temperature (table 11), as some time elapses before the precipitate 
and solution are cooled from 98®C. to room temperature. 

From the analsrtical viewpoint it may be said that the results show 
that zinc, nickel, magnesium, and calcium may be separated satisfactorily 
from iron by a single precipitation by emplo 3 ring the proper ammonia 
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and ammonium chloride concentrations. Cobalt and manganese cannot 
be satisfactorily separated from iron by this method. A quantitative 
separation of zinc or nickel from iron is effected with a high concentration 
(1.6 to 2.0 M) of both ammonia and ammonium chloride. Magnesium 
or calcium may be separated from iron by using an extremely low am- 
monia (0.003 M) and a high ammonium chloride concentration (1 to 2 Af). 
A mixture of members of the two different groups such as zinc and mag- 
nesium can not be separated by a single precipitation, since a high am- 
monia concentration would give a separation of zinc but not of calcium and 
a low ammonia concentration the opposite effect. The temperature of 
precipitation of the hydroxide has little effect for zinc, better results are 
obtained at low temperatures for nickel, and more favorable results at high 
temperatures for calcium and magnesium. 

SUMMARY 

1. The effect of the concentration of ammonia and ammonium chloride 
upon the adsorption of the metals on and coprecipitation with ortho 
ferric hydroxide has been determined. The adsorption and coprecipitation 
of zinc, nickel, and cobalt decreases with increasing ammonia and am- 
monium chloride concentrations, while that of magnesium, calcium, and 
manganese decreases with increasing* ammonium chloride concentrations 
but increases with increasing ammonia concentrations. 

2. The adsorption and coprecipitation of zinc and nickel was found to 
be very small or entirely eliminated if the ammonia concentration was 0.9 
M or greater and the ammonium chloride concentration was 1 to 2 Af. 
The adsorption and coprecipitation of cobalt was appreciable even at 
an ammonia and ammonium chloride concentration of 2 M. The adsorp- 
tion and coprecipitation of magnesium and calcium was negligibly small 
at an ammonia concentration of 0.005 M or less and an ammonium chloride 
concentration of 1.5 to 2 Af. The adsorption and coprecipitation of 
manganese was even large at an extremely low ammonia and high am- 
monium chloride concentration. 

3. The adsorption of zinc and nickel follows the Freundlich adsorption 
isotherm. 

4. Zinc has been found to be adsorbed as the aquo ion and not as the 
complex ammonio ion. 

5. The coprecipitation of the metals at room temperature is only slightly 
greater than their adsorption when the metals are added inunediately after 
precipitation of the ferric hydroxide. 

6. The amounts of zinc, nickel, and cobalt coprecipitated at 98®C. 
were found to be only slightly greater than those coprecipitated at room 
temperature. The amounts of magnesium and calcium coprecipitated 
were somewhat less at 98®C. 

7. Ortho ferric hydroxide formed at 98®C. has smaller adsorptive prop- 
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erties than a precipitate formed at room temperature. The amounts oi 
nickel, cobalt, or magnesium adsorbed on a precipitate formed at OS^C. 
were approximately one-half of those adsorbed on a precipitate formed 
at room temperature. 
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Solutions of many substances of high molecular weight, such as gelatin, 
casein, starch, gum arabic, and Congo red, show a rapid increase in electric 
conductance with increasing frequency (24, 25, 53, 54). Largely inde- 
pendent investigations show that the dielectric constants of some of these 
and other similar systems increase with decreasing frequency and that 
values for the dielectric constant many times higher than that of the 
solvent may be obtained at low frequencies (7, 8, 10, 16, 25, 27, 28, 29, 31, 
36, 39, 40, 44, 47, 50, 51, 63). Observers of the dispersion in electric con- 
ductance have usually interpreted their results by assuming that the 
electrolytic ions of the solvent are bound electrostatically to the charged 
molecules of the dissolved substance, i.e., the dispersion is supposed to be 
of the same origin as that found in strong electrolytes and treated theo- 
retically by Debye and Falkenhagen (18). On the other hand, observers 
of the dielectric constant have tended toward picturing the molecules of 
the dissolved substances as dipoles oriented by the external field. It be- 
comes clear, however, w'hen the complete experimental material is con- 
sidered, that these two mechanisms cannot account fully for the dielectric 
behavior of these systems or even be the essential factors in some of the 
cases. This has been recognized in some of the more recent work in this 
field (10, 25, 27, 36, 48). It appears in these systems that we are dealing 
with the same type of interphasial process that, in a more dominant way, 
influences the dielectric behavior of more coarsely dispersed systems (sus- 
pensions, colloids; for literature, see reference 25). The purpose of this 
work is to produce support for this view by a more extended study of the 
dielectric properties of the gelatin-water system. Although the nature 
of this interphasial process is still uncertain, we believe it probable that the 
underl 3 ring mechanism is an abnormal polarizability of the multimolecular 
film of oriented water molecules at the interphase. This conception will 
be discussed in some detail below. 

The probable bearing of this interphasial dielectric mechanism on the 
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dielectric behavior of systems of wide practical importance is worth 
remarkii^ upon, for the same type of phenomenon is observed in living 
cells, soils, and various kinds of commercially used hygroscopic insulators 
(paper, fabrics). 

EXPERIMENTAL PROCEDURE 

The dielectric constants and electric conductances of the gelatin-water 
systems were measured in alternating fields at frequencies from 0.002 to 
65.6 m^cycles. The procedure has been described in recent papers 
(25, 26). The electrolytic cell containing the unknown solution is balanced 
against a similar cell containing a potassium chloride solution. At fre- 
quencies over 2 megacycles the condition of equivalence is established by 
comparing the cells in a resonance circuit, while a bridge is used for this 
purpose at the lower frequencies. Equivalence is obtained by varying the 
concentration of potassium chloride and a parallel condenser. At fre- 
quencies over 2 m^acycles the chief part of the capacity difference be- 
tween the cells is compensated for on a specially designed microcondenser 
which is built into the cell mounting. This condenser has no scale for 
reading its capacity directly, but every time it is reset its value is meas- 
ured on a low-frequency bridge. This calibration was sometimes omitted, 
leaving us then only measurements of the electric conductance. 

At the highest frequencies the dispersion in conductance of gelatin-water 
results to an appreciable extent from the dielectric absorption of the 
solvent. At low concentrations of the protein this factor may be con- 
sidered to be substantially eliminated by the experimental procedure used, 
since our measurements give us directly the difference in dispersion between 
the gelatin solution and the potassium chloride solution. We introduce as 
before (cf. 26) 

*p(w) = kkci(o) — «p(o) 

where itKci(o) is the low-frequency conductivity of the potassium chloride 
solution that balances the gelatin at the frequency u and Kp(o) is the low- 
frequency conductivity of the gelatin. At the low concentrations of potas- 
sium chloride used, the dispersion in conductance of the potassium chloride 
solution may, with sufficient accuracy, be taken as equal to that of the 
solvent; consequently the value Kp represents the amount by which the 
dielectric absorption of the gelatin 83 r 8 tem exceeds that of the solvent. 

At the higher gelatin concentrations it might be considered preferable to 
l^ve the true values for the conductance dispersion as obtained by correct- 
ing xp for the dispersion of the water. However, at gelatin concentrations 
over 5 per cent the dispersion of the gelatin solutions is so high compared 
to the dispersion of water that this differentiation is without practical im- 
portance. 

Unless otherwise stated, the measurements were carried out at 21.0^. 
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EXFEBIMENTAL BEBULTS 

The gelatin systems were prepared by dissolving purified gelatin from 
the Eastman Kodak Company in the solvent at approximately 60®C. ; the 
solution was placed in the conductivity cell and allowed to cool until tem- 
perature equilibrium was reached. The concentration is given in grams of 
gelatin per 100 cc. The ash content of the gelatin is 0.3 mg. per gram of 
gelatin. The low-frequency conductivity of the gelatin gels (aged) as a 
function of the gelatin concentration is shown in figure 1. 

Hysteresis 

It is well known that the gelatin-water system, when brought from one 
temperature to another, shows pronounced hysteresis, so that days may 
elapse after a new temperature has been established before constant proper- 



Fio. 1. The low-frequency electrical conductivity of isoelectric gelatin gels of 
different concentrations. 

ties are obtained. The low-frequency conductivity and the dielectric 
constant are both responsive to this condition, and various t 3 rpes of 
hysteresis curves based on these two characteristics have already been 
published (50, 51). 

When the gelatin -water system is brought from a higher to a lower tem- 
perature, the after effect in both electric conductance and dielectric con- 
stant is a decrease which takes place at a continuously decreasing rate, 
while for a transition from low to high temperature a variation in the 
opposite direction is obtained. As long as too high temperatures are not 
used, the observations are perfectly reversible. As is true for other physi- 
cal characteristics, neither the electric conductance nor the dielectric con- 
stant shows any abrupt change at any point during the sol-gel transforma- 
tion. These results were confirmed in our own work, and it was found 
tiiat a corresponding behavior is shown by the dielectric absorption. For 
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syst^ns of different concentrations figure 2 diows the values of (at 
6&.fi megacycles) that were obtained at different times after these systems 
woe brot^ht from 50°C. to 21.0‘’C. Even after 4 days the values of xi 
are not constant. In fact, when plotted in a logarithmic scale, the values 
decrease nearly linearly with time during the limited period over which 
these observations were made. 

Variation of frequency 

The influence of the frequency of the measuring alternating field on the 
dielectric characteristics was determined for aged isoelectric gelatin gels of 



Fio. 2. The effect of aging on the dielectric abeorption of isoelectric gelatin. Fre- 
quency 66.6 megacycles. 

different concentrations up to 46.5 per cent. At the highest concentration 
cand Kp were measured between 0.002 and 65.6 megacycles, while at lower 
concentrations measurements were made above 2 megacycles only, and in 
most cases only xi was determined. Under the conditions used Ac [that 
is, e(<s) — c(2»)] and x^ vary approximately as powers of the frequency. 

Ac ~ (1) 

( 2 ) 

Ilie results of measurements on different samples of gelatin show some 
vsiiatbn from each other, and while in some experiments expressbns 1 



DIELBCTSIC STUDY OF OELATIN-WATEB 


785 


and 2 are found to represent the results very satisfactorily, in others the 
agreement is less perfect. Whether this lack of reproducibility represents 
actual differences between the different samples of the gelatin or is due to 
experimental errors is still uncertain. 

For the range of gelatin concentrations studied the values of the expo- 
nents X and y appear to be independent of the gelatin concentration. 



Fio. 3. The dielectric absorption as a function of frequency for isoelectric gelatin 
gels of different concentrations. 

From results on other systems it is probable that the values would show 
dependence on concentration at concentrations over 50 per cent. The 
average values of x and y are 
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X » 0.34 
y = 0.66 

As is to be expected oa theoretical grounds (22), the sum of x and y 
equals unity. Representative frequency curves are shown in figures 3 
and 4. 

A series of 'measurements was carried out to determine whether the 
relation of Kp to frequency changed during the aging of the gelatin system. 
Isoelectric gelatin systems of different concentrations were kept for several 
hours at 50®C.; then they were brought to 21.0°C. and at different times 



Fio. 4. The dielectric absorption (icp) and dielectric constant (c) as functions of 
frequency for 46.5 per cent isoelectric gelatin gel. 

thereafter k, was measured between 16.4 and 65.6 megacycles. The 
results are shown in figure 5. As far as we can tell from these observations, 
the. relation k, w* remains valid during the aging of the systems and 
there is no change in the value of the exponent. The observations on the 
1 per cent gelatin include the transition sol-gel. 

VariaJtim of gelatin concentration 

The dependence of k, on the gelatin concentration is represented in 
figure 6; the measurements were made at a frequency of 65.6 megacycles. 
Up to about 6 per cent «cp increases very nearly as the concentration. At 
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higher concentrations the increase is less rapid, and from about 40 per cent 
on Kp decreases with increasing concentration. 



Fio. 5. The effect of aging on the relation of dielectric absorption to frequency for 
isoelectric gelatin. 



Fio. 6. The dielectric absorption of isoelectric gelatin as a function of its concen- 
tration. Frequency 65.6 megacycles. 

Addition of hydrochloric acid, sodium hydroxide, and sodium chloride 

The effect on 4 of adding 0.002 M hydrochloric acid, 0.002 M sodium 
hydroxide, and 0.002 M sodium chloride to 1 per cent aged gelatin gels is 
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reiH«Bented in figure 7. Measurements were made between 2.06 and 66.6 
megacycles. No detectable change is produced in Kp by adding the add 
or salt, while the addition of the base causes 4 increase. Within the 
range of frequencies studied the results on all these sj^tems may be repre- 
sented by 4 the exponent is the same as in the case of the iso- 

electric gel. The low-frequency dielectric constant shows a similar be- 
havior, in accordance with results already reported by Denekamp and 
Kruyt (10). These observers extended their measurements over a wider 
range of pH values, and found that for gelatin gels the dielectric constant 
is also increased by the addition of acid, although, in accordance with our 
results, the effect of adding acid was found to be smaller than that of 
adding base. These authors also tested the effect of adding certain ions 



Fiq. 7. The dielectric absorption of 1 per cent gelatin gel after adding hydro- 
ehloric acid, sodium hydroxide, or sodium chloride. 

of high valence, but were unable to detect any change in the dielectric 
constant. 

Denekamp and Kruyt found that gelatin sols behaved differently from 
the gels AS regards the effect of adding acid or base, i.e., the dielectric con- 
stant of the sol was decreased by adding acid, and while it was increased 
by adding base, the increase was much smaller than that obtained for the 
gels. 


Influence of field strength 

The intensity of the measuring field was varied between 0.6 and 2 volts 
per centimeter. Within this range the dielectric characteristics showed no 
^ dependence on the field intensity. 
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DISCUSSION 

Since the aged gelatin gels can contain at the most only small quantities 
of the sol, and since the amount of sol present in a gel may be assumed to 
decrease rapidly with aging, while the dielectric characteristics decrease 
comparatively little with aging, the indication is that orientation of the 
gelatin dipole molecules in the external field plays no appreciable part in 
the dielectric behavior of aged gelatin gels. 

On the other hand, the orientation of molecular dipoles would be ex- 
pected to play some r61e in the dielectric behavior of gelatin sols. From 
their observations on the change in the dielectric constant of gelatin sols 
and gels with pH, Denekamp and Kruyt (10) concluded that the difference 
in polarizability of the sol and the aged gel (at 1.2 megacycles) represents 
the influence of the molecular dip)oles. Our observations indicate that this 
is not wholly so. The dielectric mechanism effective in the aged gels 
appears to be present to an increased extent in the sol, and this accounts 
for at least an appreciable part of the difference in polarizability between 
the two states. However, more complete measurements on the frequency 
dependence of the dielectric characteristics of the sols are required before 
the influence of the molecular dipoles can be definitely established.^ 

Since the gelatin micelles are electrically charged, they bind the ions of 
the solvent electrostatically. The ions will therefore contribute to the 
dielectric properties of the gelatin gels in a way similar to that found in the 
case of strong electrolytes (Debye-Falkenhagen effect). The average 
number of positive and negative elementary charges on a gelatin molecule 
at the Lsoelectric point is probably about ten (33), but the charges are so 
distributed that the electrostatic forces are comparatively weak. Iso- 
electric gelatin appears to act approximately as a 2-2 valence type elec- 
trolyte (3, 35, 46, 65). At the low electrolyte concentrations with which 
we have worked, the ions would therefore not be expected to contribute to 
any appreciable extent to the polarizability of the gelatin systems. This 
is confirmed by the finding that the addition of sodium chloride or hydro- 
chloric acid to the isoelectric gelatin gels produces no change in € or i^, 
although these substances were added in sufiScient quantities to increase 

^ Dielectric constant-frequency curves have been determined for solutions of such 
proteins as carboxyhemoglobin, serum albumin, and serum globulin (1, 16, 47). The 
curves show anomalous dispersion which was assumed to be of the Debye type. It 
seems unlikely that these proteins should show no polarizability of the type found in 
gelatin, although this effect is probably not as great as it is in gelatin. More ex- 
tended frequency measurements are needed to ascertain the true state of affairs in 
these systems. 

Measurements that we have carried out on egg albumin between 2.0 and 65.6 
megacycles show the presence of the interphasial dielectric effect, but to a much 
smaller degree than in the case of gelatin. When the albumin is denatured by heat- 
ing, it behaves dielectrically more nearly like gelatin. 
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the low-frequency conductanoe by a factor of more than 10. In adding 
hydrochloric acid, besides changing the ionic strength, we produced an 
appreciable change in the charges on the gelatin, which should have 
changed the dielectric characteristics of the gelatin if electrostatically 
bound ions had played an important rOle. 

The same conclusion as to the negligible importance of the electrostatic 
binding of the ions of the solvent results from the fact that in all cases 
studied we can account very closely for the observed low-frequency con- 
ductivities of the gelatin systenos (restricting ourselves to the low gelatin 
concentrations) on the basis of the ions known to be present in the systems 
if these are assumed to have the same mobilities as they have in the absence 
of gelatin. The agreement is so close, compared to the observed high- 
frequency increase in conductance, as to leave no doubt that this increased 
conductance cannot be produced by the ions. 

In verifying this statement, let us first consider the isoelectric gelatin 
gels to which no electrolsrtes were added. The low-frequency conductivity 
of 1 per cent gelatin is 12 X 10“* ohm~* cm.~‘ (figure 1). Nearly half of 
this conductivity is accounted for by the hydrogen ion. The remaimng 
part may be accounted for by electrolytic impurities, the ash content of the 
gelatin being 0.3 mg. per gram of gelatin. In any case it is clear that the 
amount of free organic electrolytes in the gelatin must be small, and that 
the total amount of electroljrtes is wholly insufficient to account for the 
high-frequency conductivity values, which at 65.6 megacycles are over 
30 X 10“* ohm“* cm.“‘ for 1 per cent gelatin and are still increasing rapidly 
with increasing frequency. 

Let us now consider the low-frequency conductivity of gelatin gels to 
which known amounts of sodium chloride, hydrochloric acid, or sodium 
hydroxide were added. Addii^ 0.002 M sodium chloride to 1 per cent 
isoelectric gelatin increases the low-frequency conductivity from 12 X 10^ 
to 229 X 10^ ohm~' cm.“‘; the difference is 217 X 10“* ohm~‘ cm.~*. The 
conductivity of 0.002 M sodium chloride itself (without the gelatin) is 
226 X 10“* ohm”* cm.”*. The difference is 4 per cent, part of which must 
be due to the obstruction to the current that the gelatin offers simply by 
its bulk. The decrease in the conductance of the sodium chloride produced 
by its electrostatic binding by the gelatin can therefore be but a few per 
cent at the most, while the high-frequency increase in conductance (of 
1 per cent isoelectric gelatin plus 0.002 M sodium chloride) is about 15 
per cent at 65.6 megacycles. 

Similarly, the addition of 0.002 M hydrochloric acid to 1 per cent iso- 
electric gelatiii causes an increase in its low-frequency conductivity of 
148 X 1&~' ohm”' cm.”*. The change in pH is from 4.9 to 4.3, correspond- 
ing to a change in the conductivity of the hydrogen ions of 12 X 10~* 
ohm”* cm.”*. The conductivity of 0.002 M chloride ion is 189 X 10”* 
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ohm"'^ cm.^S assuming negligible electrostatic forces. The sum of these 
two conductivities is 151 X 10“* ohm"^ cm.~^, agreeing to within 2 percent 
with the observed change in low-frequency conductivity of the gelatin. 

Finally, the addition of 0.002 M sodium hydroxide to 1 per cent iso- 
electric gelatin causes an increase in the low-frequency conductivity of 
89 X 10“® ohm“^ cm.'^^ The change in pH is from 4.9 to 5.8, correspond- 
ing to a decrease in the conductivity of the hydrogen ions of 3 X 10~® 
ohm~^ cm.“^ The conductivity of 0.002 M sodium ion is 93 X 10~* 
ohm~^ cm.”*^ The difference between these two conductivities agrees to 
within 1 per cent with the observed increase in the conductivity of the 
gelatin. 

To reach an understanding of the dielectric behavior of gelatin, let us 
consider the dielectric properties of more coarsely dispersed systems (25). 

If we suspend a small quantity of any finely divided dielectric (as, for 
example, glass) in water, a striking change in dielectric properties results. 
The system shows strong anomalous dispersion accompanied by high 
energy absorption. Dielectric constant values as high as 100,000 may be 
obtained at very low frequencies. An interesting feature of this phe- 
nomenon is the form of the frequency dependence. For most of the many 
different systems studied At/ Aw and Ak/Aw vary as powers of the frequency 
over the wide range of frequencies studied (0.5 to 2000 kilocycles), and in 
all cases this law represents the observations with a considerable degree of 
approximation. Other results, about whose generality, however, we are 
not very well informed, are as follows: The values of Ae/Aw and Ak/Aw 
increase with increasing temperature and with increasing electrification of 
the interphase, and are independent of the presence of moderate concen- 
trations of sodium chloride or potassium chloride in the suspending me- 
dium. A study of the influence of the size of the suspended particles 
showed that, for constant volume of the suspended material, Ae/Aw and 
Ak/Aw increase as the internal surface, for particle sizes down to about 
1 m in diameter. From this result it was concluded that^the origin of these 
singular dielectric properties is a polarization of the region at or near the 
interphase, by the external field, in the direction parallel to the interphase. 

It has been known for a long time that the dielectric constant of many 
colloids is much higher than that of water (13, 14, 24, 25, 27, 28, 30, 32, 44). 
One of the best known systems is that of colloidal vanadium pentoxide, 
first investigated by Errera (13, 14). This author believed that the 
reason for the high dielectric constant was an orientation of the colloidal 
dipole particles in the external field. Later work made it clear that this 
cannot be the correct explanation (24, 25, 27, 28, 32). 

There seems no reason to doubt that the dielectric peculiarities shown 
by ssrstems of colloidal dispersion are chiefly of the same origin as 
those observed in suspensions. The high dielectric constant of many 
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ooUokb is quite consistent with 'what we should expect from the observa- 
timis on suspenraons if the polarisSbility were determined essentially by 
the internal surface independent of particle size. On the other hand, very 
highly dispersed colloids genotdly show dielectric characteristics com- 
paratively little different from those of water, so it is evident that the 
polaruabiiity does not keep on increasing with the internal surface when 
the particle size becomes very small, but that h^h polarizability is a 
property of comparatively large interphases only. That this must be so 
is of course clear, since systems of molecular dispersion show none, or only 
traces, of these interphasial dielectric characteristics. The polarizability 
appears to decrease with decreasing particle size below, say, diameters of 
100 or lOOoA. 

The knowledge that we now have of the dielectric behavior of gelatin 
gels leaves little doubt that the singular dielectric properties of these 
ssrstems originate in this same t3rpe of interphasial process. The influence 
of frequency, temperature, electrification of the micelles, and added salts is 
rimilar to that found in suspensions. Even though the exact significance 
of these different results is somewhat uncertain, taken together they seem 
sufficient to show that we are dealing with the same phenomenon. 

Since all interphases examined so far show this characteristic high 
polarizability, we must clearly look for an explanation of a very general 
character. A likely possibility is that the polarizability is a property of 
the layer of comparatively highly oriented water molecules which, there 
are good reasons to believe, is present at all interphases (2, 4, 5, 11, 12, 20, 
38, 60). (This water is to be more or less closely identified with “ad- 
sorbed” or “bound” water.) In various mechanical characteristics this 
layer appears to behave more like a solid than a fluid, and so it does not 
seem unreasonable to assiune that under the influence of an electric field 
the layer would show polarizability properties approximating those of 
many dipolar crystalline solids, i.e., it is less polarizable than normal 
water at very high frequencies, but it becomes more highly polarizable 
than water when the frequency is low. 

It noay be questioned whether an increased orientation of the water 
molecules alone would be sufficient to produce such marked changes in 
polarizability as we observe at interphases. To this the reply should be 
made, first, that it is possible that the changed properties of the water near 
intmphases may lie in more than an increased orientation, i.e., there may 
be an actual change in molecular pattern. For the present, however, the 
weight of the evidence seems to be against such a conception. Further- 
more, it riiould be recognized that the high electric moment of the water 
molecule gives water a tendency toward self-^larization, so that a com- 
paratively small change in molecular arrangement may produce a marked 
change in its polarizability. The renuurkable “ferromagnetic” dielectric 
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properties of certain crystals (Rochelle salts, magnesium platinocyanide, 
and yttrium platinocyanide) containing large amounts of crystal water 
may be remarked upon in this connection, for these properties appear to 
originate in the loosely bound water and, within certain ranges of tempera- 
ture and frequency, are very similar to those found at interphases (6, 
17, 62). The observations of Smyth (67) on the marked increase in the 
low-frequency dielectric constant of ice resulting from the presence of small 
quantities of such salts as potassium chloride in the ice are also interesting. 

The situation in the water near the interphase may in certain respects 
be similar to that found in dipole solids near their melting points or near 
temperatures at which changes from one molecular arrangement to another 
take place. Around these transition points marked increases in dielectric 
constant and dielectric absorption are often observed (16, 49, 62, 67). 

Inside regions of anomalous dispersion the dielectric constant and 
dielectric absorption of dipole systems generally increase with increasing 
temperature, reflecting, according to Debye, an influence of the viscosity 
on the orientation of the dipoles in the external field. This law generally 
holds for dipolar solids also. The result that the interphasial dielectric 
characteristics increase with increasing temperature is therefore consistent 
with our conception of their origin, although the influence of the tempera- 
ture, by its effect on the viscosity, presumably would be masked in part by 
a direct influence of the temperature on the structure of the interphasial 
water. 

The fact that the interphases lose their high polarizability when the 
suspended particles are very small is explained partly because the depth 
of the interphasial water film decreases at high dispersions and partly 
because the high polarizability of the interphasial water would be assumed 
to result from a ‘‘cooperative^' behavior of the water molecules, which 
would require a certain extension of the interphase to be effective. 

If our theory of the interphasial polarizability is correct, then we should 
be able to obtain confirmatory evidence by experimenting with dispersed 
sjrstems containing such small quantities of water that the interphasial 
water films cannot be developed fully. Consider the observations on 
gelatin gels shown in figure 6. The dielectric absorption reaches its highest 
value at a gelatin concentration of 40 per cent. The reason may be that 
the internal surface of the gelatin gels decreases with increasing concentra- 
tion at concentrations over this value. However, the presence of the 
maximum may also be interpreted as meaning that at the concentration at 
which it occurs all the water is “bound," in the sense of its dielectric charac- 
teristics. This gives a value for the “bound" water of 1 .6 g. of water per 
gram of gelatin. This value is three or four times higher than the generally 
accepted value for the hydration, but it is quite consistent with the values for 
bound water obtained by the various other methods that have been used to 
differentiate between free and bound water in gelatin (34, 37, 41 , 46, 68, 69). 
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In a previous paper (25) we showed curves representing the dielectric 
constant of suspensions of finely powdered dielectric materials (Pyrex 
C^aas, kaolin) as a function of their volume concentration. The curve for 
Pyrex ^hias. shows a maximum at a concentration of 26 per cent. TAe 
curves for kaolin were not brought to sufficiently high concentrations to 
reach a maximum, but the part of the. curves obtained indicates that a 
maximum will be reached at a concentration not greatly different from 
that for P 3 rrex glass. These measurements were carried out at a frequency 
of 2 kilocycles and the averts particle size appeared, by microscopic 
examination, to be around 0.5 to 1 m in diameter, although it may possibly 
have been very much smaller. At the time these observations were made 
it was assumed that this decrease in the dielectric constant at high concen- 
trations resulted from a decrease in internal surface, because of aggregation. 
On the basis of our present conception the decrease may be interpreted as 
imilting from an “overlapping” of the interphasial water films of the 
<fififerent particles. If this is the correct explanation, we should expect the 
relation of dielectric constant to frequency to change when the volume 
ooncentration is high. This has been found to bo the case. In the con- 
centrated suspensions the dielectric constant decreases less rapidly with 
increasing frequency than in suspensions of low concentration. Or, 
expressed in another way, the curve representing the dielectric constant as 
a'function of concentration reaches its maximum at a volume concentra- 
tion which is lower as the frequency is lower. If we accept the interpreta- 
tion given, it would appear that the depth of the interphasial water film 
must be of the order of 1000 A. This is a very high value, though abnor- 
midities in varioiis physical characteristics of thin water films have been 
observed to set in at thicknesses of this order of magnitude (2, 5, 1 1 , 1 2, 20, 
38, 60). 

Observations of interest in this connection are also found in the liter- 
ature dealing with the influence of humidity on the dielectric properties 
of fibrous or gel-like insulating substances such as Bakelite, paper, fabrics, 
{»• rubb». The consideration of these data must, however, be reserved for 
aJK>ther place. 

' In conclusion, it should be remarked that the interphasial dielectric 
phenomena dealt with in this paper probably play an essential rOle in the 
dielectric behavior of a number of important systems. (/) It has been 
known for a long time that the dielectric constant and dielectric absorption 
oi living cells are very high at low frequencies and that these high values 
originate in the water-permeable gel-like membranes that surround the 
cdUs (9, 21, 23). (£) Because of their importance in radio communicatbn, 

riie dielectric properties of soils have been studied extensively during 
lecoat years over wide ranges of frequency. Very high dielectric cpQstant 
values were observed at low frequencies, and marked increases in electric 
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conductance were obtained at very high frequencies (19, 56). (S) It is 

well known that the dielectric properties of many commercially used 
dielectrics of a geUike or fibrous structure, such as Bakelite, paper, and 
fabrics, are influenced by their water content to an extent wholly unexplain- 
able by any mixture law if the adsorbed water had anything like its usual 
dielectric properties (42, 43, 61). (4) Metal electrodes in inactive solutions 

(such as nickel in sodium chloride) act dielectrically as if a capacity and a 
series resistance were interposed between the metal and the solution. The 
capacity and the resistance both vary as powers of the frequency (22). 
This behavior may be accounted for by the presence of thin, poorly con- 
ducting, surface films (metal oxides) containing a considerable quantity of 
adsorbed water. 


SUMMARY 

At frequencies between 0.002 and 65.6 megacycles and for field intensi- 
ties between 0.5 and 5 volts per centimeter the didectric constant and 
dielectric absorption of gelatin- water systems were determined under 
different conditions of gelatin concentration, pH, ionic strength, and 
structural state. The results indicate that the dielectric properties of these 
systems are dependent on a polarization at the interphases similar to that 
already known to be present in more coarsely dispersed systems. It is 
suggested that this polarization originates in the interphasial layer of 
oriented water molecules, and various types of evidence in support of this 
hypothesis are discussed. The bearing of this on the dielectric behavior of 
hygroscopic insulators (paper, fabrics), soil, cell membranes, and metal 
electrodes is pointed out. 
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The thermodynamic properties of ions in extremely dilute aqueous 
solutions of strong electrolytes are quantitatively described by the well- 
known interionic attraction theory of Debye and Htickel (3). Individual 
deviations from this limiting law occur at ionic strengths, say, about 10~* 
to 10“* molal. Most of these may be accounted for. by taking into con- 
sideration the different ionic diameters, due to the sise of the ions, and the 
different degrees of hydration (8). 

At these low concentrations mixtures have frequently been treated 
according to the I^ewis and Randall (12) “principle of ionic strength”, 
which states that the activity coeflScient of an electrolyte is constant at 
constant total ionic strength. At ionic strengths about 10“*, however, 
the individual specific properties of electrolytes become more important, 
and in these solutions the Lewis and Randall principle consequently loses 
its validity. 

We know that these specific properties of ions must depend upon their 
sizes, electron configuration, polarizabilities, etc., but the theoretical 
treatment of the problem is not yet definitely solved. In technical calcu- 
lations, however, it will serve our purpose to take advantage of the 
empirical fact that at concentrations up to about 10“‘ molal, the deviations 
from the Debye-Hiickel theory are roughly proportional to the 
concentration. 


SINGLE ELECTBOLTTB8 

For a single electrolyte in water we may then use the following formulas 
for the activity coefficient 7 ± and the I.<ewi8 and Randall function j (for 
systematica and notation of thermodynamics, see reference 13) : 

-log y± = (-log 7 ±)® - rXm (1) 

j = 1 = j®_ l.lS^Xm (2) 

The standard values (the first term on the right-hand side) are given by 
the following Debye-Hlickel relations: 

(-l0g7*)* = lb+l*-|M"V(l+M‘'*) 
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TABLE 1 


Standard valuM of ---log and of j* 


lOHIC 



VtmtA 

0 

85 

80 

ICO 

0 

85 

50 

100 

0.01 

0.0323 

0.0336 

0.0352 

0.0378 

0.0442 

0.0460 

0.0482 

0.0517 

0.02 

0.0433 

0.0450 

0.0472 

0.0506 

0.0600 

0.0624 

0.0655 

0.0701 

0.03 

0.0509 

0.0529 

0.0555 

0.0595 

0.0717 

0.0746 

0.0782 

0.0838 

0.04 

0.0568 

0.0591 

0.0620 

0.0664 

0.0810 

0.0842 

0.0884 

0.0947 

0.06 

0.0617 

0.0642 

0.0673 

0.0721 

0.0887 

0.0922 

1 

0.0967 

0.1037 

0.06 

0.0667 

0.0683 

0.0717 

0.0768 

0.0955 

0.0993 

0.1041 

0.1116 

0.07 

0.0693 

0.0721 

0.0766 

0.0810 

0.1015 

0.1055 

0.1107 

0.1187 

0.08 

0.0725 

0.0754 

0.0791 

0.0848 

0.1070 

0.1113 

0.1167 

0.1251 

O.Oft 

0.0753 

0.0783 

0.0822 

0.0880 

0.1122 

0.1167 

0.1224 

0.1312 

0.10 

0.0781 

0.0812 

0.0850 

0.0911 

0.1168 

0.1215 

0.1275 

0.1365 

, 0.11 

0.0802 

0.0834 

0.0875 

0.0938 

0.1210 

0.1258 

0.1320 

0.1414 

0.12 

0.0824 

0.0857 

0.0899 

0.0963 

0.1250 

0.1300 

0.1364 

0.1461 

0.13 

0.0844 

0.0878 

0.0921 

0.0987 

0.1286 

0.1337 

0.1403 

0.1503 

^ 0.14 

0.0862 

0.0896 

0.0940 

0.1008 

0.1322 

0.1375 

0.1442 

0.1545 

0.15 

0.0880 

0.0915 

0.0960 

0.1027 

0.1367 

0.1411 

0.1481 

0.1586 

0.16 

0.0894 

0.0930 

0.0975 

0.1046 

0.1388 

0.1444 

0.1514 

0.1623 

0.17 

0.0909 

0.0945 

0.0992 

0.1062 

0.1419 

0.1476 

0.1548 

0.1659 

0.18 

0.0924 

0.0961 

0.1008 

0.1080 

0.1448 

0.1506 

0.1580 

0.1693 

0.19 

0.0938 

0.0976 

0.1023 

0.1096 

0.1475 

0.1534 

0.1609 

0.1724 

0.20 

0.0952 

0.0990 

0.1039 

0.1113 

0.1502 

0.1562 

0.1639 

0.1756 

0.25 

0.1002 

0.1042 

0.1094 

0.1171 

; 0.1620 

0.1685 

0.1767 

0.1894 


* The fourth decimal place is only approximate. 


TABLE 2 

VolueB of V for different valence typee 


VALBMOB TTPX p 


1-1 

1-2 

1-3 

1- 4 

2 - 2 
2-3 


1 

4/3 

3/2 

8/5 

1 

12/6 


md 

f = 0J677hz+\z^\f/^^a(p}^^) 


(for convenience g X a has been set equal to 1 , which corresponds to a 
mean ionic diameter of 3 A.; any deviation from this diameter will be 



TABLE 3 


InUraciion eoefficiefUs 


muacmoLrvm 

o*c. 

25*C. 

KLBCTBOLTTS 


25*C. 

LiOH 

— 0.07i 

—0.07 

LiClOi 

+ 0.22 

+0.26 

NaOH 

+0.07 

+0.09 

LiCloi 

+0.28 

+0.32 

KOH 

4-0.12 

+0.14 

NaClO* 

+0.02 

+0.10 

RbOH 

+0.16 

+0.17 

NaC 104 

+0.06 

+0.16 

CaOH 

+0.19 

+0.21 

NaBrO, 

+0.03 

+0.11 




NalO, 

-0.36 

-0.26 

LiF 

-0.6 

—0.6 

KCIO* 

—0.18 

-0.03 

NaF 

—0.06 

-0.03 

KCloi 

-0.42 

-0.26 

KF 

+0.3 

+0.4 

KBrO. 

-0.21 

-0.12 

NH 4 F 

+0.3? 


KIO, 

-0.37 

-0.2 

RbF 

+0.4 

+0.46 




CsF 

+0.6 

+0.66 

HCl 

+0.21 

+0.216 




HBr 

+0.23 

+0.26 

LiCl 

+0.17. 

+0.19 

HI 

+0.23 

+0.26 

NaCl 

+0.10 

+0.13 

HCIO 4 

+0.22 

+0.25 

KCl 

+0.03 

+0.06 

HNO,. . . . 

+0.16 

+0.19 

NH 4 CI 

+0.00 

+0.03 




RbCl 

-0.01 

+0.03 

MgCl, 

+ 1.2 

+1.3 

CsCl 

-0.10 

-0.07 

MgBrs. . . ... 

+1.6 

+1.7 




CaCh 

+0.8 

+0.9 

LiBr 

+0.26 

+0.26 

SrCl, 

+0.66 

+0.7 

NaBr 

+0.17 

+0.20 

BaCl* 

+0.45 

+0.66 

KBr 

+0.06 

+0.09 

BaBrt 

+0.9 

+ 1.0 

NH4Br 

+0.01 

+0.04 

Bal, 

+ 2.0 

+2. 1 

RbBr 

+0.00 

+0.03 




CsBr. ... 

-0.07 

-0.03 

ZnOls) OoOlf 

+1 

+1 




MnCl, 

+0.7 

+0.8 

Lil 

40.38 

+0.40 

NiCl, 

+1.1 

+ 1.2 

Nal 

+0.30 

+0.34 

FeCl, ... 

+1.2 

+1.3 

KI 

+0.13 

+0.17 

CuCl, 

+0.6 

+0.7 

NH 4 I 

+0.06 

+0.09 

CuBri 

+1.6 

+1.7 

Rbl 

+0.00 

+0.04 




CbI 

-0.04 

+0.00 

Mk(NO*)i 

+0.3 

+0.4 



Ca(NO.), 

0.0 

40.2 

LiNO. 

+0.20 

+0.22 

Sr(NO,), 

-0.26 

0.0 

NaNOi 

—0,02 

+0.03 

Ba(NOi)x 

—0.4 

-0.1 

KNOi 

-0.22 

-0.17 

Zn(NOi)* 

+ 1.0 

+1.1 

NH 4 NO, 

-0.22 

-0.17 

Ni(NO,), 

+ 1.1 

+1.2 

RbNO, 

-0.23 

-0.18 




CsNO, 

-0.28 

-0.21 

LiaSO. 

+1.0 

+ 1.1 




NaiSO. 

+0.06 

+0.2 

Li formate 

+0.10 

-H).ll 

K 1 SO 4 

-0.1 

+0.1 

Na formate 

+0.13 

-f0.14 

RbsS04 

-0.2 

0.0 

K formate 

-+-0.14 

•+0.16 

08)S04 

-0.3 

—0.1 

Li acetate 

+0.16 

4-0.16 




Na acetate 

4-0.22 

+0.23 

AgNOt 

—0.21 

-0.02 

X acetate 

40.23 

•40.24 

AgClOs 

-0.1 

+0.1 

Rb acetate 

+0.23 

4-0.24 

TlNOi 

-0.65 

-0.4 

Ca acetate 

+0.23 

+0.26 

TlCl 

-0.8 

-0.7 


TICIO 4 

-0.4 

-0.2 




T1 acetate 

-0.2 

-0.06 
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TABLE Z~Conduded 


JttilCTBOliTTB 

0^. 

25*0. 

BLBCmOLirTB 

0^3. 

wc. 

IiC»H,SO,. 

NaCrHTSO. 

KC»H,SO, 

KCNS 

KCN 

KMnO« 

+0.1 

-0.1 

-0.3 

+0.02 

-0.06 

-0.36 

mm 

B 

Ba(OH), 

La(NO,), 

LaCl. 

Lat(S04)< 

KJFe(CN). 

KgFeCCN). 

-0.07 

+2.0 

+1.6 

0.0 

+1.8 

+1.3 

+0.02 

+1.7 

+1.8 

+1.5 


taken account of in the tenn proportional to m). The coefficient v is 
related to the number, v+, of cations and to the number, r., of anions into 
which the electrolyte dissociated; the relation is given by 

V = 2/(l/i»+ + !/»»_) 

and in table 2 are shown figures for electrolytes of different valence tjnpes. 
The standard values divided by the product of the valences are given in 
table 1 for different temperatures and ionic strengths. 

The co^cient X is termed the “interaction coefficient” (6). In order 
to present the available experimental thermodynamic data in a simple and 
compact form for ready reference, we have calculated the interaction 
coefficient for some one hundred electrolytes (for sources of data see 
reference 10). The results are shown in table 3. 

MIXTUBES 

The same interaction coefficients may also be used in the estimation of 
thermodynamic properties for mixtures of electrolytes. Thus Guggen- 
heim (5) has worked out a convenient method, based on Brdnsted’s (2) 
theory of “specific ionic interaction”. The formula for the mean practical 
stoichiometric activity coefficient may thus be written: 

— log x ~ (“1<^ 7e,x) “ “ ^K,X' X Ifhx' “■ £ X*' X X JWb' (3) 

V X' V 

The values of (— log Tb.x)*’ total ionic strength m are to be taken from 
table 1, and interaction coefficients, X, from table 3. 

As an illustration we n^ty calculate the activity coefficient of lanthanum 
chloride in a mixture with hydrochloric acid and potassium nitrate. Equa- 
tion 3 gives: 

7U.C1 = [“log 7l-8typJ* “ i X lXi«,ci X met- + ^l*.NO» X »»NOrl 

“ i X [Xh.ci X Mb* H- Xi^oi X Mf^*** + Xk,ci X Mb*] (4) 

The Jesuits at 25'*C. for different mixtures at constant totid ionic ^rengtfa 
equal to 0.1 are given in table 4. 
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Using such equations one may readily obtain the interaction coefficient 
for an electrolyte from measurements of thermodynamic properties of any 
other component in a mixture where the first-named electrolyte is present. 
This may be of great importance in some cases; for example, where suitable 
electrodes for electromotive force measurements are not available. 


TABLE 4 

Activity coefficients at constant ionic strength 


KLBCTBOLTTE 

Y* FOR LaCla 

LaClt only 

0.445 

HCl mainly 

0.463 

KNOi mainly 

0.495 

0.01 m LaCli -f 0.02 m HCl 4- 0.02 m KNOi .... 

0.458 


TABLE 5 

Interaction coefficients 


■LRCTROLTTB 

i o*c. 

26*C. 

wc. 

LiOH 

J -0.07. 

-0.07 

-0.06 

NaOH 

• i +0.08 

-fO.09 

+0.10 

KOH 

+0.12 

1 +0.14 

+0.16 


INDIRECT METHOD 

In order to demonstrate the method, we shall compute the interaction 
coefficient for some alkali hydroxides from the activity coefficient product, 
X yoh- ) of water in solutions of alkali chlorides and bromides at 0.1 m. 
Omitting the quite negligible terms containing mu* and mon- > equation 
3 gives (at 0.1 tn concentration) : 


“log YH.OH = (—log 7l-Uyp«)’ — 0-05(^H.H«1 + ^Aik.on) (5) 

From the measurements of yh*7oh-/oha> by Hamed and Cook (7), we 
then obtain the interaction coefficients given in table 5 (with XH.ci equal 
to 0.210 (0“C.), 0.216 (26“C.), and 0.22 (60“C.)). From the chloride and 
bromide series we also found the difference Xn.Br — ^h.ci a* different 
temperatures, corresponding to the following interaction coefficients for 
hydrobromic acid: 0.265 (0“C.), 0.28 (25‘*C.), and 0.29» (SO^C.). 

ACTIVITY OP INDIVIDUAL IONS 

It has been pointed out (16) that the concept of individual ionic activity 
coefficients is without any thermodynamic significance, a supplementary 
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definitioa of non-thenuodynamk n&ture being needed. In the ooncen- 
tra^oD range about /u » 0.1 m and leat, Qoisenheam (5, 6) has suggested 
a iisefu} and very simple convention for defining individual ionic coeffi*- 
cients in mixtures and mngle electrolytes. We may write 

-log = (-log ><-< typ.)® - Z) Xi.t X w* (6) 

k 

where the sununation 23 extends over all ionic species k of opposite sign 

k 

to that of the species i. X,-.* is to be taken from our table 3. 

TEMPBRATOBB EFFECT 

The relative partial molal heat content of the solute, I* = 
is generally different from, and lower than, the value required by the 
Debye-Hiickel theory at about 0.1 m. Hence the interaction coefficient 
X must vary with temperature, and in such a manner that (Xm* — XoO 
will be positive for strong electrolytes. It is evident from table 3 that this 
is the case. 

For exact calculations one must evaluate the well-known thermo- 
dynamic expression 

( -log 7 )r, - ( -log 7 )t, = r U/i.vR'f) AT (7) 

where is a function of the temperature at constant molality. But as a 
rough estimation for technical purposes, we have found the following 
semi-empirical equations to be of some value 

(1—1 type) Xu* — Xo» * +0.0002i[200 — Li(o.im,i8*c.)l (8) 

(1—2 type) Xis* — Xo» * -1-0.0004 [600 — ^(o.onim, is*c.)] (9) 

"Lt may, for example, be taken from reference 15 or calculated from heat 
content values given in reference 1, using the procedure described in 
reference 15 (equation 38). 


DISCUSSION 

According to Guggenheim (5), the formulas given are applicable not 
only to such electrolytes as are covered by the original Debye-Htickel 
theory, but also to those with mean diameters too small to obey the equa- 
tion of Debye and Hflckel. Weak electrolytes are included as long as 
they are present chiefly as ions (incomplete dissociation also gives a term 
aiqiroximately linear to concentration). Appreciable specific properties 
of the different electrolytes are taken account of by the present formulas. 
When the intormolecular forces are so strong, however, as to cause con- 
sidemble interaction between ions of like sign, some extenaon of the theory 
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is necessary. Such strong effects are found, for example, between the 
picrate anions studied by Lange (11), and between the dipicrylaminate 
anions studied by Kielland (9). Since the London forces (14) are addi- 
tive^ such an extension does not seem too difficult. 

The Guggenheim theory in its present form is best applicable to inor- 
ganic and simple organic electrolytes, with a concentration range up to 
ionic strengths about 0.1 molal and often higher. The interaction coeffi- 
cients in table 3 are given so as to correspond to the best measurements at 
about M = 0,1 molal; we do not claim that the figures presented are abso- 
lutely the most probable ones, and many of them will of course need some 
revision as better experimental data appear. 

SUMMARY 

Simple equations (of the Debye-Hiickel-Bronsted-^luggenheim type) 
and parameters with numerical tables are given for soiq^ one hundred 
electrolytes at 0® and 25®C., by means of which osmotilf*^ and activity 
coefficients may be computed for solutions of single as well as of mixed 
electrolytes. The most accurate and useful concentration range is up to 
ionic strengths of about 0.1 molal. 
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Upon investigation of the literature the authors found no published data 
on the use of definite intermetallic compounds as reduction catalj^ts in 
the vapor phase. Mixed catalysts have been studied but not definite 
intermetallic compounds. 

Thallium, bismuth, and lead have been used by Brown and Henke (2) as 
catalysts for the vapor phase reduction of nitrobenzene to azobenzene and 
aniline. Yields of azobenzene as high as 90 per cent were obtained with 
thallium under specific conditions. 

This paper deals with the use of the intermetallic compounds of thallium, 
bismuth, and lead as cataljrsts in the vapor phase reduction of nitrobenzene 
to azobenzene and aniline. A large yield of azobenzene is preferred to 
one of aniline. The catalysts used were all supported on asbestos, the 
ratio of catalyst to asbestos being 60:40. 

The materials used and general procedure were essentially the same as 
those used by Brown and Henke (1). Any variations will be discussed 
with the description of the cataljrsts. The electric furnaces used were of 
two types, — one a short vertical furnace and the other horizontal. The 
horizontal furnace has been described by Brown and Henke (1). The 
vertical furnace was 30 cm. in height and had a catalytic chamber volume 
of 63 cc. It was heated by chromel resistance wire and was constructed 
in a manner similar to the horizontal furnace. , 

The essential difference in the two furnaces is the time of contact of the 
reactants with the catalysts. In the horizontal type the reactants are in 
contact with the catalyst for a longer period of time than in the vertical 
furnace. 

Most of the work done was on a TUPb catalyst. Samples were prepared 
by two different procedures. The first procedure was to mix Hammond 
litharge with thallium oxide (on asbestos) in the ratio to make TliPb 
and then to reduce in hydrogen at 265°C. This catalyst will be referred to 
as cataljrst A^ The second procedure was to use c.p. lead nitrate in place 
of litharge, and to precipitate the hydroxides of the metals together in the 

806 
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preseuce of the asbestos support. The h 3 rdroxides were reduced in hydro- 
gen at 265°C. to give catalyst A’. Catalyst BS consisting of Tl|Pb with 
10 per cent excess lead, was prepared by procedure No. 1. Catalyst B* 
consisted of Tl»Pb with 20 per cent excess thallium; it was prepared by 
procedure No. 2. CatBl 3 r 8 t C* was TljBi with 10 per cent excess thallium. 
Catalyst C* was pure TUBi. These catalysts were prepared by mixing 
bismuth nitrate and thallium oxide in the correct ratio, precipitating the 
hydroxides together, and reducing at 265'’C. 

Some of the experiments tried and results obtained are listed in table 1. 


TABLE 1 

Vapor phase reduction of nitrobenzene 


CATA- 

LYST 

COlfPOSITIOll OF CATALYST 

NITRO- 

BIN- 

zawB 

TBMPERA- 

TORB 

HYDRO- 

QBN 

FTJR- 

NACB8* 

TIBLD IN FBB CBNT 
or TBBOBBUCAL 

Aloben- 

sane 

Ani- 

lins 



gramt 


litert 


1 




SZr 

•c. 

Cr 


perunt 

p&roent 

Ai 

10 g. TlgPb 

3.6 

265 

7 

V 

81.lt 

8 

A* 

3.5 g. TlaPb 

3.5 

265 

14 

H 

57.6J 

20 

A* 

3.6 g. TlgPb 

4.76 

260 

14 

H 

53.6$ 

20 


3.5 g. TljPb; 10 per cent ex- 

3.6 

267-271 

14 

H 

68. 8t 

23 


cess Pb 







B* 

10 g. TljPb; 20 per cent ex- 

3.5 

240-247 

14 

H 

Trace 

09-100 


cess T1 







C» 

10 g. TlsBi ; 10 per cent excess 

2.5-7 

240-2871 

14 

H 

None 

44-72 


T1 







C* 

10 g. TliBi 

2.5-7,260-3301 

14 

H 

None 

20-60 


* H ■“ borixontal ; V » vertical. 

t Average of aix experiments. More than 96 per cent of azobenzene was obtained 
in some runs. 

t Average of six experiments. 

I Average of three experiments, 
f Maximum yield at 255^0. 


SUMMARY 

1. The intermetallic compounds of thallium and lead, under the condi- 
tioiis studied, possess the same catalytic power as that of the components; 
however, their behavior is more like that of lead than that of thallium . 

2. The TUPb made with Hammond litharge gave better jdelds of aao- 
benzene than that made with lead nitrate. 

3. Both the vertical furnace, which gives a short time of contact of 
reactant with the catalyst, and a low rate of flow of hydrt^n are favoraUe 
to the production of azobenzene. 

4. liie experiments show that only sl^dit changes in the method of 
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preparation of the catalyst and in the procedure of reduction give entirely 
different results. 

5. The catalytic activity of TlsBi, with and without excess thallium, 
is sinular to that of the metals themselves. However, the activity is not 
as great as the activity of the individual components when used alone. 

REFERENCES 

(1) Bbown, O. W., and Hbnkb, C. 0.: J. Phys. Chem. 26, 161 (1922). 

(2) Bbown, 0. W., and Hbnkb, C. 0.: J. Phys. Chem. 26, 631-8 (1922). 
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Superconductivity, By D. Shobnbbro. 8i x 5} in.; 23 figures; 3 tables; 111 pp. 
Cambridge: The University Press; New York: The Macmillan Company, 1939. 
Price: $1.75. 

This little book is one of the first of the new series of Cambridge Physical Tracts^ 
which will presumably form a companion series to the Cambridge Tracts in Mathe- 
matics. The author, who is well known for his work at the cryogenic laboratory in 
Cambridge, has set a high standard for future volumes of the series. 

Ideas concerning superconductivity have been revolutionalized since the dis- 
dovery by Meissner, in 1933, that a superconductor has the properties of a '^perfect 
diamagnetic’’ (i.e., B *■ 0 inside the specimen) rather than those of a body of infinite 
conductivity. The author shows how many of the properties of superconductors can 
be correlated on the basis of a vanishing magnetic field in the superconducting 
regions. Without going into experimental details, a description is given of the sig- 
nificant results of recent work and, wherever possible, an attempt is made to give a 
phenomenological explanation. The scope of the volume is indicated by some of the 
chapter headings: “Magnetic Properties”, “The Intermediate State”, “The Super- 
conducting Ring”, “Thermodynamic Relations”, “Superconducting Alloys”, “Thin 
Films”. A summary of experimental data is given in an appendix. 

John Bardeen. 

About Petroleum, By J. G. Crowthbr. 181 pp. New York: Oxford University 
Press, 1938. Price: $2.25. 

This excellent little volume is very generally addressed to all of those interested 
in any w^ay in petroleum, such as motorists, aviators, engineers, housewives, and 
investors. But the table of contents, showing a range of topics all the way from 
occurrence, discovery, and production, through distillation, cracking, and hydro- 
genation, to lubrication, knock, helium, and carbon black, raises the suspicion that 
it may interest chemists, physicists, and physical chemists as well. The reviewer 
can confirm this and recommends the book to anyone who wants a guide to and accu- 
rate survey of the present status of the hydrocarbon industry. 

S. C. Liijd. 

Qmelins Handbuch der anorganisehen Chemie. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummber 64: Rhodium. 26 x 17 
cm.; pp. XX •+• vii + 163. Berlin: Verlag Chemie, 1938. Price: 20.26 RM. 

The present section includes the description of rhodium, except for its history, 
occurrence, and production, which will be dealt with in a later volume on platinum. 
The physical and chemical properties of the element and its compounds are fully 
considered, with the usual complete references to the literature, including the most 
recent and that published in England and America. Rhodium is described as a white 
metal similar to aluminum, more reflective for all wave lengths of visible light than 
platinum or nickel, but less reflective than silver. It is malleable only after suitable 
treatment at a red heat, but is notably plastic at ordinary temperature. The ele- 
ment shows valences from one to six in its compounds. The metal has a high melting 
point, about 1966*^C. An important use of rhodium in alloy with platinum as thermo- 
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eott|»leB is not dealt with in the present volume, which also does not discuss its use in 
alloy with platinum as an ammonia oxidation catalyst. A good example of the care 
taken to include modern work is the full discussion of the sulfides, taken from a pub* 
lieation of 1085. This section of the Handbuch is very satisfactory. 

J. R. Paktxngton. 

Kur$e$ Lehrbuch der physikdLuehen Chemie. By H. Ulicb. 24 x 15 cm.; xvl 315 
pp. Dresden and Leipzig: T. Steinkopff, 1038. Price : 12 RM. 

The autiior has attempted, by a careful choice of material and by the omission of 
purely physical sections, to produce a book of moderate size which yet gives a satis- 
factory view of physical chemistry up to a standard suitable for students of other 
faeulties, such as engineers, physicists, and biologists, and such as will form a basis 
of further study for chemists. He has been successful in dealing with all the im- 
portant branches of the subject in a way which is not at all superficial and is in 
accord with modern requirements. Particular emphasis is laid on thermodynamics, 
in which the modern methods are used throughout. The approximate calculation 
of equilibria by a method not previously published, which depends on the choice of 
suitable mean heat capacities, is noteworthy, and the numerical examples given 
throughout the book are a special and valuable feature. English and American work 
is most canefully taken into account, even to the extent of giving the English tech- 
nical terms, since the author believes that an increasing use must be made in Ger- 
many of publications in that language. The short bibliographies at the ends of the 
sections are well chosen. The only drawback the reviewer can see to the popularity 
of the book amqpg students who can read German is the use of different fonts of 
German cursive type for symbols; these are sometimes difficult to distinguish. The 
book is one that can be warmly recommended as giving in a limited space a very 
adequate view of modern physical chemistry. 

J. R. Pabtington. 

The Phaee Rule and its Applications, By A. Findlay. Eighth edition, revised with 
the assistance of A. N. Campbell. 21 x 14 cm. ; xv -j- 327 pp. London, New York, 
and Toronto: Longmans, Green and Company, 1938. Price: 128. 6d. 

There is no need to describe the character of this work, which has been a standard 
book on the subject since the first edition appeared in 1904. In the new edition 
some material has been dropped, including the experimental appendix, the contents 
of which can now be found in books on practical physical chemistry, some sections 
have been modified (e.g., that on intensive drying), and some material has been 
added. There comes a time when a book needs to be completely rewritten, since the 
mere addition of footnotes giving references to newer literature cannot keep a book 
up-to-date. The reviewer feels that, although many sections have been revised, 
some are in need of extensive revision. This applies, for example, to the sections on 
the palladium-hydrogen system (which is now quite out-of-date), the iron-carbon 
alloys, and liquid crystals. The new edition will continue to provide an excellent 
introduction to the subject, as the former ones did, and when the time comes for a 
further edition it is to be hoped that the whole text will be dealt with and the book 
reset. The present edition has been reproduced by the Novographic process and the 
old and new matter are often clearly distinguishable both in the text and footnotes, 
the appearance being far from pleasing. 

J. R. Pabtington. 

Photographic Chemicals and Solutions, By J. I. Cbabtbbis and G. E. Matthbws. 
9i X 6i in.; 95 figures; 13 tables; vii 360 pp. 353 Newbury Street, Boston, 
Massachusetts: American Photographic Publishing Company, 1939. Price : $4.00. 
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The authors are members of the staff of the Kodak Research Laboratories and a 
large part of this book is based upon papers published in various photographic 
journals by them and their associates over the past twenty years. Some of the 
material included is found in much the same form in Elementary Photographic Chem-- 
Utry (Eastman Kodak Company). A formulary is included which contains the 
formulas of only one manufacturer. 

All of this does not in the least lessen the value of the work, for the subject is one 
that has not received the attention which it deserves in recent photographic litera- 
ture. From the wealth of their experience Messrs. Crabtree and Matthews have 
made available intone place, conveniently arranged for ready reference, much infor- 
mation which is of value to every serious photographer. They have drawn liberally 
upon their wide acquaintance with the conditions existing in the laboratories of the 
professional photographer, the photofinisher, and the motion picture processing 
laboratory. 

The thirteen chapters cover in considerable detail such important phases in the 
properties of photographic chemicals and the preparation and use of photographic 
solutions as arrangement of formulas, conversion formulae, mixing apparatus, tem- 
perature measurement and control, effect of the water supply on photographis opera- 
tions, apparatus for the construction of photographic processing apparatus, mixing 
and using solutions, handling solutions at high temperature, storage and transport of 
solutions, substitution of chemicals, stains on negatives and prints, cleaning process- 
ing equipment, and precautions in handling chemicals. 

There are a number of useful chemical tables and a good index. 

C. B. Nbblbttb. 

Exposes de Photochimie, By W. Albert Noyes, Jr., Philip A. Leighton, and 

Gerhard K. Rollefson. 170 pp. Paris: Hermann et Cie., 1938. 

Students beginning the study of photochemistry are very fortunate in having 
available the excellent and modern survey of the basic principles of the subject 
that are contained in the first two parts of this book. The more detailed discussions 
of selected topics which are given in the latter part of the book will serve equally 
well either as illustrative material for students or as critical surveys for more experi- 
enced photochemists. 

The first section of 45 pages, written in French by W. Albert Noyes, Jr., is devoted 
largely to those general aspects of band spectroscopy which are of particular im- 
portance to photochemistry. The third and fifth chapters of this section contain 
rather brief discussions of the spectroscopy of a few selected examples of bi- and 
poly-atomic molecules. The second section of 72 pages, written in English by P. A. 
Leighton, treats the secondary or thermal steps of photochemical reactions. The 
second chapter in this section contains a very brief but clear summary of the more 
important facts and formulas of kinetic theory as applied to reaction kinetics, as 
well as an interesting account of the methods used in the analysis of complex reac- 
tions. The last three chapters of this section are devoted to three classes of photo- 
chemical reactions which have been rather carefully studied. The last section of 
58 pages, written in English by G. K. Rollefson, consists of a detailed and critical 
survey of the photochemical reactions of halogens. Because of his own extensive 
researches in this field, the author’s opinions on some of the more controversial 
topics are of special interest. 

In the reviewer’s opinion this book is better adapted to class work and the teaching 
of photochemistry than anything that has appeared in recent years. The authors 
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have aidilev6il a» nnusital simplicity and clarity of style without uadue saeiidee of 
of toCimifCy. This book contaitis no index. ^ 

Robbxt Livinoston, 

Mcta^op^ophy. By C. H. Dibscr. Fourth edition, viii + 402 pp.; 28 plates; 147 

figures. London: Longmans, Green and Company, 1937. Price: $8.00. 

' Dr. l>eBch has drastically revised the third edition (1922) of his book so as to take 
into account many advancements in the field of metallography. Many sections have 
been rewritten and expanded. This has all been accomplished without sacrificing 
thOgeneral plan developed and tested through yeeLtn of teaching. Thermal measure* 
ihenlennd mialysic, microscopical examination, experimental methods of determi* 
nlng^ 'metallic structures and properties, questions concerning crystalline growth, 
diffusion in the solid, electrolytic potential and corrosion, deformation, age*harden- 
ing, and the relations between ordered and disordered solid solutions are among the 
many subjects treated in the book. 

The book contains twenty-two chapters, twenty being on various topics in metal- 
lography and two, written by G. D. Preston, on theoretical and experimental x-rays. 
Numerous references to the literature are given in the footnotes. The index con- 
tains the names of more than one thousand authors. 

This excellent product of Dr. Desch’s scholarship and broad experience should 
serve well as a textbook or as a reference for scientists in both pure and applied 
science. 

H. A. Milxt. 

Electrochemiatry of Gases and Other Dielectrics. By George Glookler and 8. C. 

Lind. 9i x 6J in. ; 82 figures; 34 tables; xiii -f* 469 pp. New York: John Wiley and 

Sons, Inc., 1939. Price: $6.00. 

Few phases of science afford more voluminous material from w'hich to construct a 
general treatise than does the subject of chemical reactions in the electric discharge ; 
nevertheless, three almost unsurmountable difficulties present themselves: (/) The 
I^ysics of the electric discharge has not been fully solved. (2) Most of the reactions 
deseribed in the literature have been carried out under conditions lying somewhere 
between the straightforward reaction and equilibrium, consequently the results are 
specific for experimental conditions and difficult to interpret. (5) The mechanism 
oi reaoti<m in the electric discharge is still a matter of conjecture. 

Doctors Glockler and Lind, fully realizing these difficulties, have skillfully made 
of them a virtue in that these very uncertainties have been used to suggest, if not to 
stimulate, further research. The authors have described the various proposed 
mechanisms for the electric discharge in gases, but they have in no way limited the 
continuous usefulness of their treatise by adhering to any concept that may soon 
become outmoded. In fact it should be said that the subject matter is so arranged 
that when further facts are discovered they will serve as an extension of the text, 
rather than as a correction. 

The book is divided into three parts. Part I deals with ‘Typical Reactions in 
Various Forms of Discharge.” Here are described characteristic reactions in the 
l^ow discharge, the silent electric discharge, the corona, and the low-voltage arc. 
Fart II is a comprehensive survey of “Chemical Reactions in the Electric Disohm'ge.” 
Reactions involving carbon, nitrogen, hydrogen, oxygen> and many other elements 
are treated in detail. A historical approach is adopted where consistent with the 
subject matter. One chapter is devoted to active nitrogen. Such subjects as col- 
loids, vitamins, insulators, lubrication, and flames are discussed. Part 111 treats 
the “Phymcal and Theoretical Aspects of Discharge Reactions.” The physics 
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underlying the electron affinity of atoms and molecules as well as ion mobilities is 
eonsidered. The production of ions in the electric discharge and during chemical 
reactions is described at length. Cathodic sputtering is treated from both a theo- 
retical and a practical point of view. The last chapter gives an excellent discussion 
of the prevailing theories for the mechanism of chemical action. 

This is the first comprehensive treatise published on the general subject of chemi- 
cal action in the electric discharge. It cannot be too highly recommended to both 
old and new workers in this field of science, since it represents a painstaking survey 
of the literature presented as growing rather than as a completed study. The text 
is replete with suggestions for further research . The print and binding are excellent, 
and errors are few. 

A. Keith Brsweh. 

Handbook of Chemical Microscopy. Vol. I. Principles and Use of Microscopes and 
Accessories; Physical Methods for the Study of Chemical Problems. By £milb 
Monxin Chamot and Clyde Walter Mason. Second edition. 478 pp.; 165 
illustrations. New York: John Wiley and Sons, Inc., 1938. Price: $4.50. 

The first edition of Chamot and Mason's Handbook of Chemical M icroscopy played 
an important r51e in familiarizing chemists with the manifold applications of the 
microscope in the chemical field, and doubtless was directly responsible for the intro- 
duction of courses in chemical microscopy and microchemistry in more than one 
American educational institution. The first volume of the Handbook now appears in 
a second edition and will be welcomed by a wide circle of users. 

The new edition of Volume I has, in the words of the authors, ‘‘been considerably 
expanded and rewritten in certain sections, such as those dealing with the study of 
crystals and cryptocrystal line aggregates, fibrous materials, particle size, illumina- 
tion, photomicrography, and preparation techniques”. An entire chapter is devoted 
to the important subject of microscopical determinations of particle size. Numerous 
references to the recent literature arc given throughout the book. 

Anyone doing work in the field of chemical microscopy will find this excellent 
work indispensable. 

E. B. Sandell. 

Feuerfesie Baustoffe silikatischer und silikathaltiger Massen. By Claus Koeppel. 
22.5 X 15 cm.: .xvi -f 296 pp. Leipzig: S. Hirzel, 1938. Price: 17 and 15.50 RM. 
This work deals with the chemistry of a number of refractory materials, excluding 
all technical description of their production and uses. Although it is nominally 
confined to silicious materials, a section on basic and neutral refractories is included, 
with the object of discussing the influence of small quantities of silica on their con- 
stitution and stability. The principal phase diagrams of refractory systems are 
reproduced, although with less discussion than in some other w’orks on the same 
systems. The illustrations are confined to these and to curves showing the varia- 
tion of properties with temperature or with composition, neither microscopic struc- 
tures nor x-ray pictures being reproduced. Much attention is given to reactions in 
the solid state, especially in regard to the effects of small quantities of foreign sub- 
stances on the rates of transformation, a matter of great importance for the practical 
treatment of these materials. For readers who are already familiar with the litera- 
ture of refractory materials this wdll probably be the most interesting section of the 
book. In other respects the ground is well covered by existing works, but the pres- 
ent volume will be found useful for its abundant references to the literature. 

C. H. Desch. 
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(JhMiiim BMdbvkch der anorffwm^n Chmde, 8 Auflage. Serausgefeben voa d#r 
. Dautiwben Cbeim«oheii Qesellsehaft. System^Nummer 88: Osmium^ mlt eiaoiii 
AnbaagtkberEkaoamittm. 28xl8em.;iip. xx + iv + 100» Berlin: VerlagCbemie, 
im. Price: X4.28BM. 

Tbe preeent section of Qmelin constitutes a nearly complete monograph on os* 
mium. The arrangement follows tbe usual order, but the sections on the history 
and occurrence of osmium are omitted, as they are dealt with in the volume on 
platinum (now published). The propeiiies of the metal and the preparation and 
propertieB of its compounds are given in detail. Apart from the oxides and the 
hatogen compounds, the compounds of osmium do not seem to have been very fully 
studied, although there is a fairly large literature on complex compounds. The 
tedhnieal or other applications of osmium and its compounds are given. Ekaosmium 
is described as a product of neutron bombardment of uranium; the latest results in 
this field came too late to be included. 

J. R. Pabtinoton. 

Gmelina Bandbuch der anorganiBchen Chemie. 8 Aufiage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 68: Platin. Teil A, 
Lieferung 1. 26 x 18 cm.; pp. ii + 145. Berlin: Verlag Chemie, 1938. Price: 
16.60 RM. 

The present volume deals with the history and occurrence of the platinum metals. 
The historical section of fourteen pages is of considerable interest and is based on a 
l<u*ge literature, some parts of which are not easily accessible. Some of the earlier 
processes of extraction may still find application in future technology, as anyone 
who has occasion to consult modern patent literature will know. The technical 
working of massive platinum is, as usual, ascribed to Wollaston, although it has been 
stated (Matthey: J. Chem. Soc. 90, 395 (1867)) that it was really worked out in 
Allen’s laboratory by Thomas Cock, w'hose work was communicated to Wollaston, 
who has “generally been accorded the credit of having discovered it . ” The interest- 
ing story of the discovery of palladium is given in detail. The bulk of the section is 
devoted to the occurrence of the platinum metals and is of great value. All the 
known sources are considered, with statis^cal and economic details, and there are 
some valuable sectioiis on the geochemistry of the metals, with maps. The sources 
in the Urals, Russia, and Siberia make up most of the description and there is a short 
section on Asiatic sources, the part on sources in Japan being translated from a 
Japanese manuscript. 

J. R. Partington. 

Gmelins Bandbuch der anorganischen Chemie, 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 22 : Kalium . Lieferung 6. 
26 X IS cm. ; pp. xxxvi + 1075-1230. Berlin: Verlag Chemie, 1938. Price : 21.75 RM. 
The present section completes the account of the chemistry of potassium and deals 
mostly with the double salts with the alkali metals. The long section on Rochelle 
salt is important, the optical, dielectric, and piezoohemical properties being con- 
sidered in detail and illustrated by curves. 

J. R. Partington. 

Omdim' Bandbuch der anorganiachen Chemie, 8 Auflage. Herausgegeben von der 
.Deutschen Chemischen Gesellschaft. System-Nummer 22: Kalium. Lieferung 
7, 96 X 18 cm.; pp. xxxviii + 1231-1338. Berlin: Verlag Chemie, 1938* Price: 
16.90 RM. 
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The present section deals entirely with the technical preparation of potassium 
salts. After historical and economic sections (the latter with useful tabulated 
statistics of production from 1S61 to 1936, from which it appears that Germany and 
France are now the main producers), the text deals with methods of extraction from 
the raw materials and the preparation of each of the technically important potassium 
salts. There are long sections on the treatment of carnallite and kainite, including 
the working up of the magnesium salts. The text is descriptive and there are no 
phase rule diagrams. Felspar, leucite, glauconite, cement kiln and. blast furnace 
dusts,, sea water and sea weeds are given .as sources, and there is a brief section on 
organic sources, but wood ash and suint do not seem to be included. The present 
section, it will be seen, is of considerable technical interest. The main emphasis is 
on the Stassfurt sources, for which more information is available than is the case for 
some of the other technical sources. 

J. R. Pabtinoton. 

Reports on Progress in Physics. Volume V. Published by the Physical Society 

(London). 26 x 18 cm.; iv -I- 445 pp. Cambridge: The University Press, 1939. 

Price : 20s. 

The present volume of annual reports deals with the same general range of sub- 
jects as previous volumes, but the sections on electricity are much shorter and 
room is found for special topics such as adsorption in solutions, recent theories of 
the liquid state, plastics, instrumental aids to defective hearing, electric wave filters, 
cosmic rays, and the teaching of physics in schools. The standard is high, and the 
aim set out in the preface that the volumes shall be intelligible and interesting to 
non-specialists and at the same time informative and suggestive to workers in special 
fields, is perhaps as nearly realized as is possible. Physical chemists will find much 
to interest them in the present volume. 

.]. R. Partington. 

The Elements of Physical Chemistry. By F. W. Goddard and E. J. F. James, viii 4* 

251 pp.; 67 figures. London: Ixmgmans, Green and Company. Price: 31.80. 

This little book is designed for the study of physical chemistry by students in 
England who are preparing for Higher Certificate, First Medical, and University 
Entrance Scholarship Examinations. At the conclusion of each chapter questions 
and problems are inserted of the kind that might be met in the above-mentioned 
examinations. There are two hundred and fifty such questions and the answers 
are given in an appendix. The ten chapters cover the usual topics in a beginning 
book in physical chemistry: atomic structure; gaseous and liquid states; solutions; 
osmotic pressure and colligative properties; mass action; thermochemistry; electro- 
lytes; catalysis; and colloids. The treatment is concise. Students in this country 
should find the extended list of problems with answers valuable in their own study 
of physical chemistry. 

Geo. Glockder. 

Electron Optics. By the Research Staff of Electric and Musical Industries Limited. 

Compiled and written by Otto Klemperer. 8i x 5i in.; 84 figures; x 107 pp. 

New York: The Macmillan Company. Price: $1.75. 

This volume is the third addition to the new series of the Cambridge Physical 
Tracts and gives an excellent account of a very modern and important topic. The 
use of electron beams functioning as light rays and their diffraction in electrostatic 
and magnetic fields opens up an important field of physics. The resolutions already 
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attaliiecl i^Piirocush maleculAr dimeauoiui and little imaginatioii ie needed to viimdite 
advaBoee in mieroacopy that appear to be of the greatest importance to maiiy fields 
of abienee. Besides the optical use of electron beams, their importance as image 
transformers in television and as current multipliers is also discussed. The present 
tract affords a ready means of becoming acquainted with these modem developments. 

Gao. Glocklkb. 

A Cour$€ of Study in Chemical Principles. By Abthur A. Notbs and Milbs S. 
SHBBBiLii. Second edition. 8i x 5i in.; 6 tables; xxv + 554 pp. New York: 
The Macmillan Company, 1938. Price: $5.00. 

This famous text has been rewritten and rearranged,— a revision that had been 
oontomplated before the death of the late Professor A. A. Noyes. The first five 
chapters were published in pamphlet form several years ago. The new arrangement 
is as follows: Chapter 1. Chemical substances in general; Chapter II. The first and 
second law of thermodynamics; Chapter III. Gases and kinetic theory; Chapter IV. 
Solutions and molecular theory; Chapter V. Solutions and ionic theory; Chapter VI. 
Reaction rates; Chapter VII. Chemieal equilibrium; Chapter VIII. Phase rule; 
Chapter IX. Free energy values. The last chapter includes a short discussion of 
the third law of thermodynamics and calculations of free energy values from spectro* 
graphic and heat data. These modern developments might have been rendered in a 
more extensive manner. 

The method used in the first edition, of teaching the fundamental laws and propo- 
sitions of physical chemistry by means of problems is retained in the second edition. 
This procedure puts the burden of presentation upon the reader and student. Any 
individual who will work through the many excellent problems will be amply repaid 
for his efforts, for he will have covered the subject of physical chemistry in a thorough 
and complete manner. It is evident that no person in any way even remotely inter- 
ested in the subject of physical chemistry can afford to omit this volume from his 
^'rnust purchase” list of books for his library. The notation used agrees in many 
respects with the one employed by Lewis and Randall. The book is an excellent 
text for students in physical chemistry and advanced courses and is to be highly 
recommended for the clear and precise presentation of an intricate subject. 

Gbo. Glocklbb. 

r 

Proceedings of the Indian Academy of ^Science. Jubilee Volume of original papers 
presented in commemoration of the fiftieth birthday of Sir C. V. Raman. 

The volume contains thirty-eight papers by various authors and has been collected 
in commemoration of the fiftieth birthday of Sir C. V. Raman. Most of these papers 
pertain to the subject of the Raman effect, the theory of small vibrations, force 
constants, diffraction of light by supersonic waves, etc. Some are concerned with 
quite different topics having no connection with the general theme. The papers are 
written in English, French, German, and Italian. The volume should be of interest 
to research workers in the field of the Raman effect. 

Gbo. Glocklbb. 

Principles of Flotation. By Ian W. Wabk. 101 figures; 39 tables; 346 pp. Mel- 
bourne: Australian Institute of Mining and Metallurgy, 1938. Price; 216. 

From Australia, cradle of froth fiotation, site of the first agglomerate tabling, 
and early user of skin flotation (DeBavey), comes now ^e best book yet written on 
froth flotation. The author was the first to publish anything on the modern cationic 
collector which liave made possible reliable flotaUon of silicate minerals. The 
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gmaliest contiiient has made some of the biggest contributions to the concentration 
of minerals by filming methods. 

Here is a truly critical and discerning book on the principles of fiotation, sum- 
marising not only the voluminous literature from the author’s own laboratory but 
thoroughly digesting other work, —American, British, German, and Russian, — as no 
one has ever done it in English. 

The author has been for some years in charge of the flotation research laboratory 
of the Department of Chemistry of the University of Melbourne. This is financed by 
a group of Australian metal producers, together with the Burma Corporation, Ltd. 
His papers in the technical press have always been valuable and independent. 

Physical chemistry as a tool in research has long shown its value, but too few of 
the previous experimenters have been properly equipped with this tool. Dr. Wark 
so saturates his argument with physicochemical concepts that he excels Gaudin, 
who has previously stood out in this respect, and he rivals Gaudin in clarity of 
exposition. The charts are numerous in which Wark uses various flotation results 
as functions of pH, thus expanding the work initiated by Gaudin. The chapter on 
depressants is the best one in the book and is a fine critique from the physicochemical 
standpoint. 

Such an encomium does not mean that the writer has not erred nor that his stand- 
point is not debatable. The eras in growth of flotation theory are not shown, and 
the effort seems to have been to present a picture of the best present flotation theory. 
Historical sequence is usually lacking. The pioneers are forgotten or go uncredited. 
During the era of **oil” flotation, and especially between 1912 and 1917, the tempera- 
mental process of froth flotation was converted from one applied to only a few 
hundreds of thousands of tons of ore per annum to a reliable process working on 
over 50,000,000 tons per annum in America and as much in the rest of the world. 
The author entered the flotation picture only after the swing from oil flotation to 
soluble collectors had been well accomplished and the theories built around ^^oil” 
had been adapted to the new reagents. Perhaps this excuses his lack of appreciation 
of the earlier work. 

The importance of contact angle measurements is emphasized, but the author 
does not credit T. J. Hoover, who wrote the very first book on flotation nearly thirty 
years ago, with giving like emphasis. Methods of measurement in Hoover’s day 
were not so elegant as the present ones and did not tell us as much. On the other 
hand, credit is claimed for Bradford in first activating sphalerite for flotation by 
treatment with copper sulfate. Bradford has an Australian patent dated 1913 and 
this would appear to justify the claim. Nevertheless, the American J. F. Myers 
and his associates made their separate discovery in Tennessee in July, 1914, and put 
it into commercial practice. Their historic bronze-slide testing machine gave 
better results than the commercial wood and iron machine and led to its widespread 
commercial use in the United States with no knowledge of the existence of the Brad- 
ford patent. 

The connection with flocculation of the floated mineral with good conditions of 
flotation is credited to Sulman (1919) and Edser (1922) on pages 26, 146, and 301. 
Closer study of the literature would reveal that in America Bancroft and Van Arsdale 
were making these observations in 1916-17. The author states in oracular fashion 
that flocculation of the floated minerals is only a concomitant to and not a necessary 
antecedent to flotation. He says that mineral particles clinging to air bubbles give 
pseudo-floccules. The reviewer knows that the quality of a good practical working 
froth of just the right volume and lasting just long enough to get out of the machine 
is quite closely connected with flocculation condition in the froth, and the author’s 
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review <4 ibe paper etating theee facts bas missed the point. It is agreed that proper 
preparation of an ore pulp involves ghngue dispersion to release valuable minerals 
tfom eomplex floccules and to remove slime coatings from mineral surfaces. There- 
after the attempt is to attain selective flocculation even though nothing but ^'pseudo- 
Soccides*^ might be formed. The condition of flocculation is the banning of water 
repellance. 

The final chapter of the book is on electrical theories of flotation and is the finest 
thing yet written on this subject. It recalls the suggestion by the present reviewer 
made in 1914 that a study should be made of surface charges of suspended particles 
in their relation to flotation. Swarms of tyros sought to climb enthusiastically onto 
the electrical bandwagon, only to have it break down. A disgraceful series of 
incompetent papers was written. Wark points out the true nature of the electro- 
kinetic potential (a term of recent coinage) but draws an incomprehensible 
conclusion that, because an air bubble when it attaches itself to a mineral particle 
displaces the film of water on a portion of the mineral surface, only the electrochemi- 
cal potential is of importance. Surface energy simply must have electrical mani- 
festations and, without getting into the hen-and-egg argument, the reviewer must 
insist that we are not through with ^ ^electrical” theories. 

The non-sulfide and non-metallic minerals are mentioned casually in many places 
but emphasis is given to flotation of sulfide minerals. Too little is known to permit 
the author to discourse extensively on the non-metallics. 

Flotation reagents are classed as frothers, collectors, activators, and depressants. 
Modifiers and dispersants are rejected as unnecessary. The reviewer cannot agree. 
11 a dispersant causes removal of a slime coating, the resulting flotation cannot be 
said to be due to activation by the dispersant; the latter removed an impediment 
that was in the way of the true activator. Incidentally, no mention is made of the 
original classification of frothers and collectors that seems to have come from the 
group at the Mellon Institute backed by J. M. Callow in 1915-17. 

An exceedingly useful book has been presented and the reviewer is justified in 
stating that one of the brightest stars has flashed into the flotation firmament. Dr. 
Wark should be encouraged to continue his excellent work. 

Oliver C, Ralston. 

InoTifanic Colloid Chemistry, Vol, III, The Colloidal Salts. By H. B. Weiser. 
viii -I- 473 pp. New York: John Wiley and Sons, Inc., 1938. Price: $6.00. 

This volume completes Professor Weiser^s important work on the colloid chemistry 
of inorganic substances. The book gives an excellent summary of the recent work 
in the borderline field between the colloidal state of salts and their precipitated 
form or macroscopic state. The subject falls rather naturally into five parts, and 
the author considers the colloidal (i) sulfates, ($) halides, (5) sulfides, (4) ferrocyan- 
ides and ferricyanides, and (6) silicates in the order named. The section on sulfates 
also includes a chapter on carbonates, phosphates, chromates, and mrsenates. 

Throughout the book the importance of the adsorption of many different kinds of 
ions id stressed. This leads to discussions of mechanisms of adsorption, electrical 
effects, stability, sensitisation, coagulation, contamination of precipitates, adsorp- 
tion of indicators, etc. Thus a good deal of the colloidal chemistry of sols is pre- 
sented whmiever the author is able to connect it with the results of studies on the 
salt under consideration. In addition, the important bearing which much of the 
work in this field has on analytical chemistry is emphasised. The value of some of 
these materials in the industrial field and in everyday life is shown by consideration 
of tiie setting of gypsum, and the preparation and properties of lithopone. Separate 
dbai^ters are devoted to (i) the silver halides in photography, (S) inorganic soil 
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colloids, and (5) cement. This volume brings the subject matter up-to-date and 
gives a good picture of the state of the science at this time. However, the work is 
more factual than critical. There are some errors in the book and authors’ names 
are sometimes misspelled. 

The complete three-volume set on inorganic colloid chemistry constitutes an 
important addition to the English works in the field of colloids. Investigators in 
the many phases of the subject will find Professor Weiser’s contribution both useful 
and valuable. 

L. H. Reterson. 

Physicochemical Experiments, By Robert Livingston. 70 figures; xi + 257 pp. 

New York: The Macmillan Company, 1939. Price: $2.25. 

The avowed primary object of this attractive appearing laboratory manual is to 
set forth a course illustrating basic principles. In addition, the experiments and 
procedures have been so chosen as to give the student familiarity with the more 
common and important apparatus and techniques. In the conduct of the experi- 
ments and treatment of results, a quantitative point of view is fairly uniformly 
maintained. 

The practice of having apparatus set up in advance for the student is regarded 
by the author as justifiable when the apparatus is complicated, but he feels that 
’’its general use seems ideally adapted to discourage any initiative or sense of 
responsibility which the student may possess.” Accordingly the apparatus and 
procedures are described and illustrated in suflScient detail so that the student should 
be able to set up and carry through the experiments himself without much assistance. 
The details are, however, not of such a character as to rob the work of interest. 

A useful feature of the book is the inclusion of general directions for performing a 
number of laboratory manipulations w^hich have utility apart from that in the 
experiment under discussion. These include such things as the method of setting 
a Beckmann thermometer, the preparation and use of a thermocouple (incidentally 
more ice is needed on the cold junction, Fig. 48), use of the tablet press, use of the 
polarimeter, and the like. Frequent references are given to other books for further 
details. 

Another useful feature is the inclusion, occupying the first fifty pages, of a good, 
simple discussion of computing methods and the theory of errors of measurement. 
These matters should be studied at some time by every science student. 

Forty-one experiments are described, a number of which are new, at least to the 
reviewer. Under each experiment is given a brief statement of the more pertinent 
theory involved, with definite references to well-known texts for more complete 
treatment. Then follows a list of apparatus and materials, and an apparently ade- 
quate section on procedure. Finally the treatment of results is briefly indicated 
with, however, most details of this matter intentionally left to the student. 

Those who have need of a laboratory manual of physical chemistry should cer- 
tainly give consideration to this book. 

Roscob G. Dickinson. 

The Fine Structure of Matter, Volume Ilf Part II: Molecular Polarization, By C. H. 

Dottolas Clark, D.Sc., A.R.C.S., A.I.C., D.I.C. ; Assistant Lecturer in Inorganic 

Chemistry in the University of Leeds, 14.5 x 22.5 cm. ; Ixxii -f 241 pp. ; 35 figures. 

New York: John Wiley and Sons, Inc., 1938. Price: $4.50. 

This second of the three parts which constitute Volume II of A Comprehensive 
Treatise on Atomic and Molecular Structure treats primarily refraction, dielectric 
constant, and dipole moment and their relation to molecular structure and, in so. 
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doilkgi di 80 UiMi 68 molecular a880oiatioii> adsorption, electric double refraction, and 
molecular fields, devoting a brief chapter to the latter subject. The book is handi* 
capped at the start by the fact that it treats nothing in the literature published 
after the latter part of 193i, being, in consequence, already four years out-of«date 
in the presentation of a subject which has developed largely during the past twelve 
years. Although the references are by no means complete for the period covered, 
muck eihphasis is placed upon the abstracting of papers, about a thousand references 
being given, that many of the pages read like highly condensed versions of an abstract 
journaL The material is often not well correlated and sometimes appears quite 
undigested, little or no distinction being made between obsolete and inaccurate 
data and new and dependable information. 

For a description of methods of measuring dielectric constants reference is made 
to a review published twelve years ago. The statement is made at the bottom of 
page 227 that the dielectric constant * diminished with increasing pressure,” while 
it would certainly be expected to increase with increasing pressure and was actually 
fdund to do so in the work with reference to which this statement is made. It seems 
unnecessary to complicate our phraseology with ”relaxion time” instead of the 
generally used ^relaxation time”. The most important step in the derivation of 
the Clausius-Mosotti expression on page 257 is omitted, as is the derivation of the 
Debye equation, which seems to present little mathematical difficulty. On page 269 
abnormalities in the behavior of acetic acid vapor, which were actually caused by 
molecular association, are attributed to a statistical distribution of the molecules 
among different vibrational states, as erroneously proposed in the original paper, 
while, on page 349, a subsequent paper by the same author is reported as attributing 
the same abnormalities to changing degree of association. The interchange of the 
usual ordinates and abscissae in plotting the polarizations of liquid mixtures against 
concentrations is slightly confusing to one accustomed to the common procedure, 
but the use of old data which show only approximately the form of the curve for 
benzene-alcohol mixtures is open to more serious criticism. On page 343 in a table 
of the moments of the alkyl halides the values given increase markedly from methyl 
to ethyl in the fluorides and chlorides and decrease slightly in the bromides and 
iodides. The author concludes ^'there is no appreciable increase in dipole moment 
with increasing chain length, except possibly from methyl to ethyl in the fluoride 
and bromide series,” although his figures show a slight decrease in the bromide 
series. Actually, the data in the literature, available even in 1934, show a con- 
siderable increase in moment from methyl to ethyl in all four series. On page 347 
it is stated that no noticeable dependence of moment on temperature was found in 
diethyl succinate, while, actually, a large variation with temperature was observed 
in solution. In the table of disubstituted benzenes on page 361 the moment of the 
amino group is incorrectly treated as acting in the plane of the ring. These and 
other inaccuracies are far more serious than the not always avoidable slips, such as 
writing the formula of methyl alcohol as CHsOH in figures LX and LXI or giving 
the number of a figure incorrectly as on page 320. 

1^0 one can fail to approve of the aim of this treatise and the reviewer is cer- 
tainly cognisant of the many difficulties that beset the path of its author and is 
sympathetic with his efforts to overcome these difficulties. Unfortunately, it is 
not possible to report that these efforts have been successful in this second part of 
the second volume. The book cannot be recommended to the beginner because of 
its lack of clarity and occasionally of authority and accuracy in the presentation of 
the material. The reader having some knowledge of the subject will almoctcertainly 
find facts and references that have previously escaped his attention, hut he will 
probably find more in the oownm of a day or two spent with a good abstraet journal. 

CwABXiSs P. Smyth. 
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The Fine Structure of Matter. VoL 77, Pari III: The Quantum Theory and Line 
Spectra. By C. H. Douglas Clark, D.Sc., A.R.C.S., A.I.C., D.I.C.; Assistant 
Lecturer in Inorganic Chemistry in the University of Leeds. 14.5 x 22.5 cm.; 
Ixxii + 184 pp. New York: John Wiley and Sons, Inc., 1938. Price; $4.50. 

This book constitutes the third part of the second volume of the Comprehensive 
Treatise on Atomic and Molecular Structure^ which is in the course of publication by 
the author. Since it is the stated intention to make the separate portions of the 
work reasonably complete individually, we shall consider the portion under review 
by itself, rather than as a part of the larger work. 

The scope of the text is much more restricted than might naturally be assumed 
from the title, being concerned primarily with the classification of the electronic 
states of atoms and ions by means of the vector coupling model. The discussion of 
multiplet structures is carefully done, and many useful diagrams and tables are 
included, but the reviewer feels that the book leaves much to be desired as a survey 
of the field of line spectra. For example, the whole problem of intensities (except 
for the simpler selection rules) is summarily discussed in four pages (§ 59), while 
hyperfine structures and nuclear spin ang^ular momenta are not discussed at all. 
This is probably due in part to the circumstance that the author gives no theoretical 
discussion beyond a brief treatment of the Sommerfeld fine-structure formula on the 
basis of the Bohr theory. As a consequence the whole tone of the book seems 
unnecessarily *^old quantum theoretical.’’ 

While these limitations severely restrict the usefulness of the book for reference 
purposes, it will probably be of considerable help to those readers who wish to learn 
something of the actual details of atomic energy states, but who do not wish to tackle 
the more comprehensive treatments of Sommerfeld or Grotrian, or the extensive 
theoretical discussion of Condon and Shortley. For the physical chemist this study 
will undoubtedly become of increasing importance in the future as the problem of 
relating chemical valency to atomic states becomes clearer, since it is not possible 
to understand valency from a knowledge of the ground states, alone, of the atoms 
and ions. 

K. Hill. 

Advanced Experiments in Practical Physics. By J. K. Calthrop. 22 x 15 cm.; 
xix + 121 pp. London: Heinemann, 1938. Price: Ss.fid. 

It is by no means an easy task to devise an advanced practical course for final 
honours students in physics that shall be both an illustration of the principles of 
the subject and an adequate training in the use of the hands. Students are, one 
feels, too frequently presented with pieces of apparatus that require little or no 
setting-up in order to give the required results. In Advanced Experiments in Prac- 
tical Physics Mr. Calthrop has overcome these difficulties to a large extent. Nearly 
fifty excellent experiments in properties of matter, heat, light, and electricity have 
been collected, and the book is to be recommended to student and teacher alike. 
The experiments are clearly explained with the help of 170 diagrams, and a sound 
balance between the older and newer branches of physical knowledge has been main- 
tained. Where necessary, references to original papers or more complete accounts 
have been given. Apart from its value as a guide to experimental work, the book 
forms in many instances an appropriate supplement to the lecture course, and 
students in laboratories which do not possess the whole of the equipment necessary 
will profit considerably from the reading of Mr. Calthrop’s clearly written volume. 

J. T. Randall. 




ELECTRO-ULTRAFILTER FOR INDUSTRIAL USE 

D. V, KLOBUSITZKY 

Diviaion of Physical Chemistry ^ Insiiiuio Butantan, Sao PaulOy Brasil 
Received July 29^ 19S8 

Some years ago we gave a description of an electro-ultrafilter (1). 
This apparatus was intended for a capacity of 500 cc. The production of 



Fig. 1. Electro-ultrafilter. I, suction receiver; 2, layer of collodion; 3, receiver 
for serum; 4, parchment bag; 5, glass bars; 6, silver electrode; 7, receiver for water. 


serum for therapeutic use by means of electrodialysis is not only an econ- 
omy of time, but it is also, from the medical point of view, of great ad- 
vantage because of the thorough elimination of the euglobulin and the 
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other labile and therefore, from the inununologic standpoint, unnecessary 
albumins (2) . For these reasons we have constructed an electro-ultrafilter 
of greater capacity. The apparatus has worked satisfactorily in the 
concentration of sera. Its construction is shown in figure 1. 

For the reception of the serum a container (3) of porcelain is used, which 
has the form of a tumbler and is of 5-1. sizeT. The bottom of this receiver 
is unglazed, but the walls are glazed. A well-fitting parchment bag (4) 
is placed in this receiver. In order to keep the parchment close to the 
wall of the receiver, a basket-like support (5) made of glass bars is used. 
For the first filtration and for the removal of the water, a smaller receiver 
«s used, also with unglazed bottom. This smaller receiver (1) is supported 
in such manner that only two-thirds of it is placed in the larger one. The 
lower part of the outfflde of this smaller receiver is covered with a layer of 
a 10 per cent solution of collodion in glacial acetic acid. The top of it is 
hermetically sealed by means of a rubber stopper, containing two holes; 
through one hole the electrode passes, while the second is connected with 
a vacuum. The electrode consists of a platinum wire grating, with a 
platinum spiral, over which a glass tube is fused. The spiral is used for 
the purpose of passing the electrode to the bottom of the receiver. This 
is important, as the diameter of the anode is very small in proportion to 
that of the cathode. The cathode consists of a perforated silver plate,' 
the diameter of which is fastened by means of a rubber ring below the 
bottom of the larger receiver. The connection between the silver plate 
and the rubber ring must be made in such a manner that one can change 
the depth at which the electrode is suspended in a water reservoir. Nat- 
urally the water as well as the serum must be stirred constantly. 

By means of this apparatus the volume of a previously dialyzed so- 
luti<m of pseudoglobulin can be reduced to 10 to 15 per cent in 24 to 36 
hr. and the electroconductivity can be diminished to 10~* reciprocal ohms 

REFERENCES 

(1) Klobxtsitzkt, D. t. : J. Phys. Chem. 86, 3189 (1932). 

(2) Klobubitzkt, D. t. : Ergeb. Hyg. Bakt. Immunit&tsforach. Exptl. Therap. 82, 

238 (1939). 


''Brass ean be used instead of silver, the most advantageous form being a brass 
grating. 



THE MAGNETIC PROPERTIES OF INTERMEDIATES IN 
THE REACTIONS OF HEMOGLOBIN^ 

CHARLES D. CORYELL*, LINUS PAULING, and RICHARD W. DODSON* 

Oates and Crellin Laboratories of Chemistry f California Institute of Technology, 

Pasadena, California 

Received December 16, 19S8 

The theory of the oxygen equilibrium of hemoglobin proposed by Pauling 
(10) in 1935 treats the existent data quantitatively in terms of equilibrium 
constants for the stepwise oxygenation of hemoglobin, and introduces 
theoretical relations between successive equilibrium constants. This 
theory is here applied in detail to the oxygen equilibrium, and the cal- 
culated concentrations of the intermediate compounds as a function of the 
degree of oxygenation are presented in a figure. These calculations fur- 
nish a new point of departure for the examination of physicochemical 
studies of the hemoglobin- oxyhemoglobin system and of systems similar 
in nature, such as the hemoglobin-carbonmonoxyhemoglobin system and 
the hemoglobin-nitric oxide hemoglobin system. 

The experimental portion of this investigation consists of titration 
studies of two systems, involving complex formation of hemoglobin with 
oxygen and with nitric oxide, for which the magnetic properties have been 
followed as a function of the degree of completion of the reaction. These 
measurements show that the values of the magnetic susceptibility of the 
intermediate compounds formed during these reactions are linearly related 
to the number of hemes that have undergone reaction. The observations 
make it possible to reject one structural explanation of the magnetic mo- 
ment of ferrohemoglobin, namely, that each iron atom has two unpaired 
electrons and that the spin moments of the four iron atoms of the molecule 
are brought into alignment by chemical forces operating between the 
hemes; and they thereby strengthen the conclusion reached by Pauling 
and Coryell (12) that the iron atoms have four unpaired electrons each 
and are held in the hemoglobin molecule by bonds that are essentially 
ionic. 

^ Contribution No. 665 from the Gates and Crellin Laboratories of Chemistry of 
the California Institute of Technology. 

•Present address: Department of Chemistry, University of California at Los 
Angeles, Los Angeles, California. 

* Present address: Department of Chemistry, The Johns Hopkins University, 
Baltimore, Maryland. 
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This investigation is a part of the program of study of the structure of 
hemoglobin conducted in these Laboratories with the aid of a grant from 
the Rockefeller Foundation. 

I. INTEBIIEDIATBS IN HEMOGLOBIN COMPOUND FOBBIATION 

Physicochemical studies of compound formation of ferrohemoglobin 
with oxygen and carbon monoxide l^ve shown that the reaction does not 
correspond to a simple equilibrium between each individual heme group 
(Hb) and the reacting sutetance. It is now known that under ordinary 
conditions in aqueous solution there are four iron-porphyrin complexes 
in a hemoglobin molecule (Hb4), with molecular weight close to 67,000. 
Adair (1) and Ferry and Green (7) have shown that the oxygen equilibrium 
of purified hemoglobin solutions can be interpreted quantitatively by 
taking into account the existence of the intermediate oxygen compounds 
Hb40i, Hb404, and Hb40(, as well as Hb4 and Hb40g, and they have deter- 
mined equilibrium constants for each step of the reaction, obtaining an 
equation which represents empirically the overall oxygen equilibrium. 
Equilibrium measurements on defibrinated whole blood and on corpuscular 
suspensions have similarly been explained satisfactorily by the postulate 
of the existence of intermediate compounds. These measurements indicate 
the same molecular complexity for hemoglobin in its natural state in the 
erythrocytes as in solution with various buffers. It is to be noted that 
convincing evidence for the existence of intermediate compounds in 
hemoglobin reactions is provided by the studies by a number of observers 
of equilibria of hemoglobins of various species, in whole blood and in 
solutions of various concentrations and at various pH values, with oxygen 
and carbon monoxide; and that the theory of intermediate compounds 
gives the only explanation of the experimental data that is compatible 
with the degree of aggregation (Hbg) of hemoglobin. 

Pauling in 1935 (10) analyzed the extensive measurements of Ferry 
and Green (7) on horse hemoglobin and showed that the results are com- 
patible with the assumption of interactions operative between the heme 
groups in such a manner that the free energy of oxygenation of one heme 
group is decreased by RT In a when an adjacent heme group is already 
ctnnbined with an oxygen molecule. Two spatial arrangements of the 
hemes were considered in detail, — (a) at the corners of a square and (6) at 
the comers of a tetrahedron. The latter possibility was rejected, because 
it would require the heme groups to be some 47 A. apart on the surface 
of the giobin molecule and because it would require each heme to be bonded 
to three others, which is rendered improbable by the known structiue of 
the porphsrrin molecule. From the dependence of the oxygen equilibrium 
Gonstsnt of the heme ob acidity it was also concluded that add groups 
whose ionisation constants are increased by oxygenation are coupled wi^ 
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the heme groups. The total heme-heme interaction energy in the molecule 
was found to be about 6000 cal. per mole, and the total heme-acid group 
interaction energy about 6600 cal. per mole. Assuming the square ar- 
rangement of hemes, the heme-heme interaction energy corresponds to 
the value 12 for the factor a, which represents the increase in the equilib- 
rium constant of the heme-oxygen reaction when an adjacent heme is 
already in combination. We shall use the name interaction constant for a. 

Many experimenters have tried to find direct evidence for the existence 
of the intermediate compounds in reactions such as that of oxygenation. 
(See, for instance, the paper of Conant and McGrew (4).) The interest 
in these investigations and the importance of outlining the precision with 
which experiments must be made in order to test directly the interaction 
theory make it desirable to calculate the concentrations of the various 
intermediates in the oxygenation of hemoglobin at various stages of the 
reaction, as predicted by this theory. The equations used in the calcula- 
tions will be derived below. It is convenient to make the calculations 
for horse hemoglobin, assuming square configuration of the heme groups* 
and the experimental value 12 for a as determined from the data of Ferry 
and Green on horse hemoglobin. It is not unlikely that the numerical 
value of the interaction constant a will be found to vary somewhat with 
the nature of the globin, since the interaction system probably involves 
the protein molecule as well as the prosthetic group. 

The relative concentrations of the two end substances and the various 
intermediates are given at constant acidity by the following values, with 
the concentration Co of Hb 4 taken as standard at unity: 


Hb— Hb 
Hb— Hb 

Co = 1 

Hb— HbO, 

I I 

0,Hb— Hb 
civ = 2lCv' 


Hb— HbO, 

I i 

Hb— Hb 

Cl = 4ICp 
Hb— HbO, 

I I 

0,Hb— HbO, 
ciu = 4a*iC*p* 


Hb— HbO, 

1 I 

Hb— HbO, 

cn = 4aK*p* (1) 

0,Hb— HbO, 

1 ! 

0,Hb— HbO, 

Civ — 01 p* 


^ We have also made calculations of the concentrations of the various intermedi- 
ates in the oxygenation of hemoglobin, assuming the tetrahedral configuration of the 
hemes. These calculations give nearly the same results as those given below for the 
concentrations of Hbi, Hb408, HbgOg, and Hb40B, but the concentration of the dioxy 
intermediate Hb404 is approximately two-thirds as great throughout the whole 
range. We know of no measurements sufficiently precise to distinguish between 
these two possible configurations, and we shall restrict ourselves to consideration 
of the square configuration as the more probable one and as a close approximation 
to the truth unless new evidence conflicting with this is brought to light. 
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The numbers 4^ 4, 2, and 4 are the statistical weights the intermediates 
(the jmmbero of ways in which the oj^gen molecules can be added to tiie 
bemogk^n molecule to give the intermediates) . The symbol p represents 
the oxygen pressure, in millimeters of mercury, and K the equilibrium con- 
stant for oxj^enation of an isolated heme, as defined by the equation 


(HbO,) 

(Hb) 


= Kp 


( 2 ) 


Its value is dependent on the acidity of the solution (10). The relative 
concentration of an intermediate is increased a-fold for each pair of ad- 
jacent hemes contained in the molecule, independent of the acidity. 

With consideration of the oxygen content of each molecular species, the 
values for the relative concentrations given in equation 1 lead to the foltow- 
ing equation for the fraction of saturation, y, as a function of the oxygen 
pressure: 

Kp->r (2a + D K^P* + 3a*JC‘p‘ + (o) 

^ 1 + 4Ji:p -I- (4a -I- 2) -h 4a*JiCV -h ^ ^ 


This equation, with the value 12 for a, represents very well the observations 
of Ferry and Green. 

From equations 1 and 3 there can be derived expressions for the con- 
centrations of the molecular species as functions of the fractional satura- 
tion with oxygen. The concentration of a given species for a given value 
of Kp is divided by the sum of all concentrations to give a normalised 
value; curves representing these quantities are plotted against y in figure 1. 
The values of the ordinates in figure 1 give, accordingly, the fraction of 
the hemoglobin molecules existing in a given oxygenation step for the 
corresponding values of the overall saturation plotted as abscissas. 

This theory of the effect of hemoglobin structure on physicochemical 
relationships accounts for the characteristic sigmoid saturation curves of 
hemoglobin solutions and whole blood with oxygen and carbon monoxide 
in the following manner: At very low oxygen pressures the principal 
oxygen compound must be the monoxy compound. The formation of the 
«'a-dioxy compound is made easier than would be expected from statistical 
calculations for independent hemes, because it contains a pair of adjacent 
oxyhemes which stabilizes the molecule by the amount of free energy 
RT In a, and consequently the hemoglobin solution takes up oxygen more 
readily idter an appreciable amount of monoxy compound has bran formed 
than at the start of the reaction. This causes the upturn of the oxygen 
saturation curve in the early stages of the reaction. The tiioxy compound 
is stabilized over the m-dioxy compound by the same amount that the 
CM-dioxy compound is stabilized over the monoxy compound« whereajs the 
tetroxy compound is doubly stabilized over the trioxy ocunpound because 
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it has four interacting pairs of hemes instead of two; this compound be- 
comes of importance even early in the reaction, and its stability accounts 
in the main for the rapid approach of the sigmoid saturation curve to the 
asymptotic value. It is seen that at half-saturation 34 per cent of the 
hemoglobin is in the form of intermediates. 

The saturation curve of carbon monoxide with hemoglobin is also sig- 
moid; and the relatively few experiments that have been reported indicate 
that the degree of sigmoid character is very close to or identical with that 
for the oxygen curve (see the curves of Douglas, Haldane, and Haldane 
(6) for oxygen and for carbon monoxide). Further qualitative evidence 
for the close similarity in degree of sigmoid character of the two curves is 



Fio. 1. Concentrations of molecular species as functions of degree of oxygenation 
of horse hemoglobin. 0 «« Hb<; I » Hb 40 j; II « cfs-HbiOij III «« Hb 40 e; IV — 
Hb 40 $. The curve for (rans-Hb 404 is not given; it has one twenty-fourth the height 
of II throughout. 

found in the study of the reaction between oxyhemoglobin and carbon 
monoxide (6), in which the hemes appear to act independently. If a 
for the carbon monoxide equilibrium of horse hemoglobin is equal to that 
for the oxygen equilibrium, figure 1 is directly applicable to the distribu- 
tion of molecular species in the carbon monoxide equilibrium; it is in any 
case applicable as a fair approximation. 

Since nitric oxide hemoglobin has structure and physical properties 
nearly like .those of oxyhemoglobin and carbonmonoxyhemoglobin, it is 
IHobable that its equilibrium with hemoglobin also can be represented 
approximately, if not exactly, by equation 3 and figure 1. 

Figure 1 may be used in general in correlating with the'degree of reaction 
properties of hemoglobin which are affected by reaction with complex- 
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forming molecules. These properties may include magnetic susceptibility, 
base«binclmg capacity, chraoical reactivity, heat of formation, and others. 

n. MAQNBTIC TITBATIONB INVOLVING FBBBOHBMOGLOBIN 

The value of the magnetic susceptibility of cow hemoglobin at 25®C. 
has been redetermined by Taylor and Coryell (13) and found to bo 4 X 
(12,290 ± 00) X 10-» It was found that the magnetic susceptibilities 
of horse and sheep hemoglobins have the same value, to within the ex- 
perim^tal errors of their determination, whereas that of human h^o- 
glolnn is about 3 per cent lower. 

Pauling and Coryell (12) discussed in a structural interpretation of the 
magnetic properties of ferrohemoglobin compounds two alternative pos- 
silnlities, I and II, in explanation of this value. It was assumed as h 3 rpoth- 
esis I that the chemical interactions between the ferrohemes are strong 
enough to couple the magnetic moments of the four iron atoms into a 
resultant moment, and that each iron atom contributes two unpaired 
electrons, leading to a magnetic moment for the hemoglobin molecule of 
8.95 Bohr magnetons plus about 10 per cent orbital contribution,* or, 
roughly, 10 magnetons. This value is to be compared with the value 
10.87 magnetons calculated from the experimental value of the susceptibil- 
ity of the hemoglobin molecule, assuming the conditions of hypothesis I. 
As the alternative hjrpothesis II, it was assumed that the iron atoms are 
independent in their magnetic behavior, leading to a predicted moment 
per heme group of 4.90 plus orbital contribution. This is to be compared 
with the value 5.44 calculated from the experiments assuming the con- 
ditions of the hypothesis. (Observed values for ionic ferrous compounds 
are about 5.1 to 5.3 magnetons.) Hypothesis II was accepted as the 
more probable one by these workers, partly because of the results of ex- 
periments preliminary to those presented in this investigation. 

We shall explore the first possibility further. We assume that each 
ferroheme group contributes two unpaired electrons to the total number, 
and that unpaired electrons are coupled with parallel moment vectors for 
ferroheme groups. We expect then for a series of compounds involving 

* The magnetic moments of the iron group elements are due principally to the 
spin moments of unpaired electrons. The total spin moment, n,, is given by 

Mf “ Vn(n + 2) 

where n is the number of unpaired electrons. The orbital contribution to the mag- 
netic moment is nearly completely quenched, but enough remains to raise the value 
of the magnetic moment somewhat (for elements with more than five electrons in the 
3d levels), by amounts that as yet cannot be predicted accurately, since they depend 
on chemical environment as well as on the spectroscopic term vidue of the paramag- 
netic atom. > 
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transformation of hemes from paramagnetic to diamagnetic, such as for 
the series Hb4, 1^402, Hb404, Hb40e, and Hh408, spin moment values of 
\/48> \/^, \/8, and 0. We make the assumption, reasonable for 
such a series of closely related compounds, that the orbital moment per- 
sisting^ is a constant fraction of the total spin moment. The value of the 
molal paramagnetic susceptibility for each of these compounds, which is 
directly proportional to the force determined by the Gouy method, is 
proportional to the square of the moments (given above) for them. 

Since measured magnetic susceptibilities are proportional to concentra- 
tion and are additive, the magnetic susceptibility of a hemoglobin solution 



Fig. 2 Fig. 3 

Fig. 2. Predicted magnetic susceptibility of a hemoglobin solution as a function 
of degree of saturation with oxygen. 

Fig. 3. Magnetic titration of oxyhemoglobin solution with sodium hydrosulfite 
solution. Run No. 1. 

as a function of the degree of saturation,* y, with a compound giving 
diamagnetic iron atoms can be predicted from these values for molal 
susceptibilities and the values for concentrations of various hemoglobin 
derivatives given in figure 1. A plot of the predicted dependence of the 
susceptibility kx on y is given, in figure 2.* The solid curve represents the 
predictions for hypothesis I with complete magnetic interactions, and the 
dashed line that for complete magnetic independence of the hemes. It 
is seen that at *= 0.5 the magnetic susceptibility would be 11 per cent 

* The assumption of tetrahediral heme configuration (see footnote 4) would lead 
to a curve nearly identical with this one. 
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loww tltaa that iracpected for linear dependence of magnetic susoeptibihty 
on y. In iq}plying figure 2 to the susceptibility measurements made mi 
cow hemoglobin we make the assumption that a has the value 12 for the 
oxsrgen equilibrium of this substance; this assumption is a fair one, for 
measurements of Brown and Hill (3) show that the degree of mgmoid char* 
acter of the oxygen saturation curve for cow hemoglobin is approximately 
tlK» same as that for horse hemoglobin. 

Titrations of oxyhemoghbin with hydrosvlftte 

Solutions of oxyhemoglobin were titrated at a room temperature of about 
26®C. with standard solutions of sodium hydrosulfite (Na*8»04). The 
magnetic susceptibilities for each point during the course of the reduction 
of oxyhemoglobin to ferrohemoglobin were measured by the Gouy method. 
(See earlier papers by the authors for descriptions of the method of prepara- 
tbn of cow oxyhemoglobin solutions (12) and of determination of the mag- 
netic susceptibility Gl)-) 

The sodium hydrosulfite solutions were prepared by dissolving about 3 
g. of the salt of 86 per cent purity (from the Eastman Kodak Company) 
and 1.5 g. of anhydrous sodium carbonate in 20 ml. of distilled water. 
These solutions were kept in a test tube under a thin rubber stopper, and 
were freshly prepared for use. Small portions of the hydrosulfite were 
withdrawn in a medical syringe provided with a stainless-steel hollow 
needle and graduated to 0.01 ml., and were injected through a sliding 
rubber piston into about 33 ml. of the oxyhemoglobin solution, which was 
kept without gas phase in the differential susceptibility tube. The tube 
was rotated end-over-end by motor for 5 min. after each addition of re- 
agent, with glass beads present to aid in stirring. The concentration of 
the sodium hydrosulfite solution was checked at the beginning and end 
of each titration by titrating against a pipetted volume of potassium tri- 
iodide solution, also under a rubber piston, to the disappearance of the 
iodine color. From 0.5 to 0.8 ml. of the sodium hydrosulfite solution 
reduced 20 ml. of the 0.1 AT triiodide solution. One oxyhemoglobin titrar 
tion took from 4 to 7 hr. 

Forces in milligrams for a standard magnetic field ( Aw) have to be cor- 
rected by small quantities for diamagnetism of the reagent added (ex- 
perimentally determined) and for dilution of the hemoglobin solution, 
in order to be proportional to the magnetic susceptibilities. There are 
presented in figure 3 the corrected values of Aw of run No. 1 plotted against 
the voliuue ctf hydrosulfite solution added. A straight line has been 
drawn throi^ the points taken during the reduction reaction, and this 
has been continued as a horizontal line after the end point taken at 1.47 
ml. Conoderations of apparatus and technique lead us to bdieve> th At 
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the error in Aw may amount to ± 0.1 and the error in volume in any 
addition of hydrosulfite may amount to db 0.005 ml. 

The value of Aw of the initial i>oint differs from zero because the 
oxyhemoglobin solution is more diamagnetic than water, the experi- 
mental reference substance. The average paramagnetic susceptibility of 
the iron in the solution is proportional to the increase in the corrected 
Aw over the initial value. 

At the beginning of the titration an average of 0.79 ml. of hydrosulfite 
reduced 20.0 ml. of standard triiodide, and at the end of the titration an 
average of 0.80 ml. was necessary. It is calculated from these titrations 
that the effect of decomposition of hydrosulfite on the curve is negligible. 
Another source of error is the transformation of oxyhemoglobin to ferri- 
hemoglobin at low oxygen pressures (2). Experiments were carried out 
which showed that this effect caused an increase in Aw of about 0.2 per 
hour for the middle portion of the curve under the experimental conditions 
here prevailing. This effect would operate to make the experimental 
curve slightly concave upwards, but the curvature would be so small as 
to escape notice. We conclude, therefore, that transformation of oxy- 
hemoglobin to ferrihemoglobin is not a serious source of error in these 
experiments. 

Another oxyhemoglobin solution 0.0133 / in heme iron (concentration 
determined magnetically) was titrated in the same manner, the titration 
being repeated the next day. The data, corrected for diamagnetism of 
reagent and dilution, are presented in figure 4. In the first titration, 
run No. 2, the amounts of hydrosulfite required to reduce 20.0 ml. of tri- 
iodide were initially 0.47 and finally 0.50 ml. In run No. 3 the respective 
titers of the same hydrosulfite solution were 0.53 and 0.57 ml. The 
magnetic end points came at 0.85 and 1.18 ml. for the two runs, as seen 
in figure 4. 

Before these runs can be interpreted, corrections must be applied for the 
large change in concentration of hydrosulfite which occurred during the 
titrations. Meyer (8) has shown that 1 mole of hydrosulfite reduces 
nearly 1 mole of oxygen to give principally 1 mole of sulfate and 1 mole of 
sulfite, according to the following equation: 

0, + S»Or- + H,0 = SO,“ + SO4— -h 2H+ (5) 

Experiments of Nicloux and Roche (9) include* titration of dog oxyhemo- 
globin with hydrosulfite with results which correspond ta this equation 
much more closely than do those of Meyer, the better results probably 
being due to the buffering action of the blood proteins. We can calculate 
then from an oxyhemoglobin titration the average comsentration of hydro- 
sulfite in the reagent. 
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Meyer dso showed (8) that 2 moles of hydrosulfite on decomposition in 
solution yield 1 mole of thiosulfate and 2 moles of sulfite, 

2S,0«— + H,0 « SiO,— + 2SO,— + 2H+ (6) 

and that the decomposition is catalyzed by the decomposition products, 
fiydrosulfite, thiosulfate, and sulfite ions reduce respectively 6, 1, and 
2 equivalents of triiodide per mole. We calculate from the above in- 
formation that 3.5 equivalents of reducing power to triiodide disappear 
per mole of hydrosulfite decomposed. Using the oxyhemoglobin titer 
and the initial and final triiodide titers, we have calculated accordingly 



Fio. 4. Magnetic titrations of oxyhemoglobin solution with sodium hydrosulfite 
solution. O, run No. 2; 9, run No. 3. 

Fio. 6. Magnetic titrations of oxyhemoglobin solution with sodium hydrosulfite 
solution, with correction for the decomposition of the hydrosulfite. 9, run No. 2; 
Oi run No. 3, with abscissas changed. 

that the hydrosulfite concentration decreased 14 per cent during run No. 2 
and 19 per cent during run No. 3. The period of time between initial and 
final titration of the triiodide solution was for each run 5^ hr. Assuming 
that the rate of decomposition of the solution was essentially constant, 
we have calculated the concentration of the hydrosulfite solution at the 
recorded time of each addition, and have expressed the amount added in 
terms of the volume of the hydrosulfite solution at the concentration pre- 
vailing at the start of each run. The end points for the two runs with 
volume of bych'osulfite expressed in this manner are at 0.79 ml. and 1.10 
ml., respectively. We have multiplied the volumes for run No. 3 by the 
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factor 0.79/1.10 to make them directly comparable with the results of 
run No. 2, and have presented the runs together in figure 5, with a straight 
line connecting the initial point and the magnetic end point for com- 
parison with the experimental results. 

In a fourth run with a third oxyhemoglobin solution Aw values lie very 
accurately on a straight line when plotted against volume of hydrosulfite 
up to three-quarters reduction; during this time very little decomposition 
of hydrosulfite occurred. At this point the hemoglobin solution was left 
overnight in the refrigerator, and the titration was continued the next 



Fio. 6. Magnetic titration of oxyhemoglobin solution with sodium hydrosulfite 
solution. Run No. 4. The dashed portion of the curve was obtained the second 
day. 

Fig. 7. Magnetic titrations of hemoglobin solution with sodium nitrite solution 
at pH 5.5 in the presence of excess hydrosulfite. O, run No. 11; 9 , run No. 12; 
©, run No. 13; C, run No. 14. 

morning, at which time ferrihemoglobin formation had increased Aw by 
0.50 and the hydrosulfite solution had become more dilute. A quantita- 
tive determination of the end point in terms of initial oxyhemoglobin and 
hydrosulfite concentrations cannot be made, but the portion of this run 
completed the first day gave better linear dependence than any of the 
three other runs reported, and the extrapolated end point (1.40 ml.) 
agrees within 0.05 ml. with the end point obtained the next day in the 
presence of ferrihemoglobin with the then more dilute hydrosulfite solution. 
The results of this run are presented in figure 6, with broken circles repre- 
senting the unreliable data of the second day. The straight line repre- 
senting points of the first day is extrapolated to pve the end point. 
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CoDoiuaoiffl about the oxyhemoglobin-hydrosulfite titrations will be 
discussed in the third section of this paper. 

TUrations of ferrohemoglobin ivith nitric oxide 

Solutions of ferrohemoglobin in the presence of hydrosulfite were titrated 
with a standard solution of sodium nitrite to produce nitric osdde hemo- 
glolm. Ferrihemoglobin solution, used as the source of ferrohemoglobin, 
was reduced with 0.6-0.9 g. of sodium hydrosulfite. The hemoglobin 
was retained under a rubber piston, with absence of gas phase, as in the 
previous experiments with oxyhemoglobin. The concentration of the 
sodium nitrite solution was determined by oxidation in hot solution with 
excess standard permanganate and acid, followed by titration with thio- 
sulfate after the addition of iodide. Three titrations gave a mean con- 
centration of 0.353 /. 

Meyer (8) found that alkaline hydrosulfite solution does not reduce 
nitrite and that an excess of hydrosulfite in acid solutions gives nitrous 
oxide or nitrogen. Nitric oxide is produced in very acid solutions or with 
an excess of nitrite. Experiments of Coryell and Dodson (5) show, how- 
ever, that nitric oxide ferrohemoglobin readily forms when hemoglobin 
is present with hydrosulfite and nitrite, probably, because of the high 
aflSnity of ferrohemoglobin for nitric oxide and the extreme stability of 
the compound with respect to reduction. It was also shown that nitric 
oxide hemoglobin is closely similar in structure to carbon monoxyhemo- 
globin and oxyhemoglobin in that the iron atoms are involved in octahedral 
covalent bond formation. There remains, however, one unpaired electron 
per heme, owing to the odd number of electrons in the NO group. The 
molal susceptibility of nitric oxide hemoglobin (per heme) was found to be 
1280 X 10~*, that is, about one-tenth of the value for ferrohemoglobin. 

Attempts were made to define conditions under which nitrite would be 
reduced by hydrosulfite in the presence of hemoglobin to give stoichio- 
metric quantities of nitric oxide hemoglobin. Additions of nitrite to 
hemoglobin-hydrosulfite mixture with bicarbonate-carbonate buffer at 
pH 9.6 led to only a small reduction in susceptibility even over a period cff 
several days, the average fall in Aw being only 7 per cent of that expected 
for stoichiometric formation of nitric oxide hemoglobin. Addition of 
nitrite to hemoglobin-hydrosulfite mixture with acetic acid-acetate buffer 
at pH of apiaroximately 4.7 led to a Imrge fall of Aw, correspo nding to 
nitric oxide hemoglobin formation, followed by a rise on addition of a 
second portion. The spectrum then showed 4he presence of ferrihemo- 
g^in as well as nitric oxide hemoglobin. On longer standing the sus- 
o^>tU^ty fell and considerable denatxiration occurred. It was concluded 
that titratkms at this low pH value could not be carried out because of 
the n^ad destruction of hydiosulfite, leading to slow reduction of nitrite 
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by other reducing iigents, including hemoglobin, and because of the oc- 
currence of denaturation. 

It was found that titrations could be made smoothly starting with 35.0 
ml. of ferrihemoglobin 0.0147 / in heme iron and reduced with at least 0.9 
g. of sodium hydrosulfite. The pH of the ferrihemoglobin stock solution 
was 6.36 (by glass electrode), and the pH during the titration was near 5.5. 
The titration did not proceed to an end point involving complete forma- 
tion of nitric oxide hemoglobin when only 0.6 g. of hydrosulfite had been 
added, but the addition of more hydrosulfite to such solutions with enough 
nitrite yielded pure nitric oxide hemoglobin (runs 11 and 12). The re- 
sults of four such runs (11 to 14) are presented in figure 7. Runs 13 and 
14 are considered to be more accurate than the others, because the volume 
of nitrite was computed from the increase in weight of the susceptibility 
tube and the density of the solution, 1.014 at 25®C., and because they 
extend over the whole range. Values of Aty have been corrected for dilu- 
tion of the hemoglobin solution only, since the diamagnetism of the nitrite 
solution was found not to differ appreciably from that of water. 

The end point for the nitrite runs was found to be at 1.595 i 0.006 ml. 
for 35.0 ml. of hemoglobin. The end point predicted for stoichiometric 
reduction of nitrite to nitric oxide is calculated to be at 1.46 ml. This 
discrepancy of 9.2 per cent arises from reduction of nitrite in part to some 
substance other than nitric oxide, probably nitrous oxide (8). It is very 
probable that the fraction of nitrite involved in the subsidiary reaction 
remains constant during a run. 

III. DISCUSSION 

The magnetic titrations involving the oxygen-hemoglobin reaction are 
in definite disagreement with hypothesis I for the structure of ferrohemo- 
globin, which predicts a pronounced upward concavity of the curve of 
susceptibility plotted against degree of completion of the reaction. The 
data presented in figures 3 and 6 show the dependence of susceptibility on 
degree of oxygenation to be linear to within the experimental error of 
measurement. The results of figure 5 do notexclude a small upward con- 
cavity, but because of the large corrections for progressive change in 
hydrosulfite concentration these data are much less reliable. 

The application of the curve of figure 2 as representative of the predic- 
tions of hypothesis I for the nitric oxide hemoglobin reaction cannot be 
made so directly. The magnetic susceptibility of nitric oxide ferrohemo- 
globin (6) is incompatible with the existence of complete magnetic interac- 
tions for this substance, for this postulate (the analog of hypothesis I for 
ferrohemoglobin) would require a fraction of a free electron per heme, 
whereas complete agreement is obtained with the assumption of inde- 
pendent hemes with one free electron apiece. We may, however, proceed 
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to test hypothesis I for ferrohemoglobin by making the assumptions that 
there is ccunplete interaction between ferrohemes but that the nitric oxide 
ferrohemes are independent of each other and of the ferrohemes, and that 
the distribution of molecular species is the same for the reaction of hemo- 
globin with mtric oxide as for that with oxygen (figure 1). The expected 
susceptibility curve would then be identical with the solid one in figure 2, 
except for an additional paramagnetism proportional to y to take into 
account the paramagnetism of the nitric oxide ferrohemes, and would show 
the same upward concavity. The experimental data given in figure 7 
provide the best evidence yet obtained for the linear dependence of sus- 
ceptibility on degree of reaction. We accordingly reject hj^thesis I 
for ferrohemoglobin on the basis of this evidence also. 

It was assumed in hypothesis II that the ferroheme groups are essentially 
independent magnetically. It was, however, concluded (12) from con- 
sideration of the absolute magnetic moment of the ferrous atom, 6.435, 
which is higher than expected for ferrous ion by several tenths of a Bohr 
magneton, that there might be a small amount of magnetic interaction 
between the ferrohemes associated with the chemical interaction between 
them. The magnetic titrations, particularly those of the nitrite runs 
11 to 14 shown in figure 7, indicate that this interaction has at most only a 
small effect, for the amount of interaction moment would fall off rapidly 
as hemes are transformed from the paramagnetic to the diamagnetic state, 
and upward concavity would be expected for the susceptibility-degree 
of reaction curve in the manner predicted for h 3 rpothesis I, except that the 
concavity might be much less. We conclude that magnetic interactions 
between the hemes are not directly detectable at room temperature by 
titration. Other experimental investigations of possible magnetic inter- 
action effects are under way in these Laboratories. 

It has been emphasized previously (12) that the oxygenation of hemo- 
globin, as well as the reactions with carbon monoxide and with nitric 
oxide, involve a considerable change in structure, which is reflected in a 
pronounced change in magnetic properties. The linear dependence of 
magnetic susceptibility on degree of reaction with substances forming 
complexes shows that the structure of one heme group (ionic or covalent) 
does not affect that of another, so far as magnetic properties and bond tsrpe 
are concerned. The bond type of a ferroheme group (Hb) of a hemoglobin 
molecule is accordingly the same if it is part of the molecule Hbi or of a 
molecule as highly oxygenated as Hb 406 , and the bond t 3 rpe of an oxyheme 
group (HbOs) is the same in such diverse molecules as HbiOi and HbtOi. 

IV. SUMMABT 

The theory of chemical interactions between adjacent hemes in hemo- 
globin has b^ presented in detail, and the concentrations of various inter- 
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mediates in the reaction of hemoglobin with oxygen (and probably with 
carbon monoxide and with nitric oxide) have been calculated as a function 
of the degree of reaction. 

Magnetic measurements have been carried out during titrations in- 
volving the transformation of oxyhemoglobin to ferrohemoglobin and of 
ferrohemoglobin to nitric oxide hemoglobin. From the results of these it 
is concluded that each of the four hemes of the ferrohemoglobin molecule 
contains four unpaired electrons (complete ionic structure) and that the 
magnetic moments of the hemes are essentially independent, the alternative 
hypothesis of two unpaired electrons per heme with complete magnetic 
interaction (partially covalent structure) being rejected as incompatible 
with the experimental data. It is also shown that magnetic titrations 
at room temperature fail to give evidence of any magnetic effect of chemi- 
cal interactions between ferrohemes. The magnetic susceptibilities of 
intermediate compounds formed in hemoglobin reactions are accordingly 
linearly related to the number of hemes that have undergone reaction. 

A quantitative investigation of the reduction of nitrite by hydrosulfite 
in the presence of hemoglobin to give nitric oxide hemoglobin has been 
carried out. 
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INTRODUCTION 

In the preceding paper (6) a general application was made of the theory 
of chemical interactions proposed by Pauling (15) to explain the sigmoid 
oxygen saturation curve of ferrohemoglobin. It was emphasized there 
that the chemical interactions between the four hemes, which give rise to a 
total free energy effect of 6000 cal. per mole, might be detected in different 
physicochemical studies of hemoglobin systems. Magnetochemical stud- 
ies (17, 7) have revealed the close analogies existing between the structures 
of ferrohemoglobin and ferrihemoglobin (methemoglobin) and of some of 
their compounds. It is the purpose of this investigation to examine all 
available information about equilibria in ferrihemoglobin systems in order 
to show that chemical interactions occur also under certain conditions be- 
tween the hemes of ferrihemoglobin, and to establish the magnitude of 
their effects in certain equilibria, including the electronic equilibrium with 
ferrohemoglobin which establishes the electrode potential. These results 
are of significance to the physical chemistry of ferrihemoglobin and to 
the structural chemistry of hemoglobin compounds in general. 

THE BOND TYPE OP FERRIHEMOGLOBIN COMPOUNDS 

The character of the bonds to the iron atom in ferrihemoglobin and in a 
number of its compounds has been determined in these Laboratories (7). 
The bonds in ferrihemoglobin were found to be essentially ionic in nature, 
and the difference between the observed magnetic moment per heme, 

* Contribution No. 666 from the Gates and Crellin Laboratories of Chemistry of 
the California Institute of Technology. 

* Present address: Department of Chemistry, University of California at Los 
Angeles, Los Angeles, California. 
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6.80, and the theoretical moment, 5.92,* was regarded as posably due to a 
small amount of magnetic interaction between the ferriheme groups. The 
addition of diamagnetic alkali fluorides increases the Aw values (forces in 
milligrams observed in the Gouy apparatus) for ferrihemoglobin solutions 
throi^^h the formation of the more paramagnetic ferrihemoglobin fluoride, 
for which a magnetic moment per heme of 5.92 was measured, just equal 
to the theoretical value for the ferric ion. The existence of another form 
of ferrihonoglobin, ionic in character but with a moment somewhat lower 
than 5.80, is suggested by the measurements of the magnetic susceptibility 
of ferrihemoglobin solutions at pH values less than 6.5. 

The cyanide and hydrosulfide compounds of ferrihemoglobin, with 
moments of 2.50 and 2.26, respectively, are essentially covalent* in the 
character of the six iron bonds (with one odd electron for each ferric atom), 
and the azide compound was found® also to be covalent in character. It 
is considered that ferrihemoglobin hydroxide, with a moment of 4.47, 
has one 3d orbital of the iron atom involved in covalent bond formation, 
probably with partial covalent character of all iron bonds. 

Magnetic titrations of ferrihemoglobin with standard cyanide solution 
(7) showed linear decrease in susceptibility on adding cyanide at pH values 
of 6.7 and 10.8. These experiments prove the absence of any strong mag- 
netic interaction in the sj^tem of the type discussed for hjrpothesis I for 
ferrohemoglobin sjrstems in the paper by Coryell, Pauling, and Dodson (6), 
but the experiments would not detect small effects due to weak magnetic 
interactions between the hemes. 

THE MATHEMATICAL TREATMENT 07 HEMOOLOBIN EQUILIBRIUM DATA 

It has been shown (15, 6) that the theory of the existence of chemical 
interactions in hemoglobin and the assumption of square heme configura- 
tion lead to the following equation, connecting the fraction saturation, y, 
of ferrohemoglobin (assumed not to have heme interactions) with the 
concentration, c, of a substance forming a compound with heme interac- 

*The magnetic moment of iron group elements is due principally to the spin 
moments of unpaired electrons in the 3d group. There may be a contribution from 
the orbital motion of the electrons, which would raise the moment somewhat for 
elements in the second half of the group. For ferric and manganous ions this con- 
tribution will be zero, since the normal state is 'St/i; magnetic measurements on 
inorganic compounds are in agreement with this prediction. There may be a further 
effect, unpredictable in magnitude and direction, due to magnetic interaction of two 
or more paramagnetic atoms close together in the molecule. 

* The concepts of ionic and convalent bonds and bonds intermediate in type, as 
well as a discussion of the magnetic criterion for bond type, are clearly presented in 
The Nature of the Chemical Bond (16). 

* Unpublished experiments made with Dr. Fred Stitt in these Laboratories. 
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tioiffi stabilizing the molecule by RT In a cal. per mole of adjacent heme 
pairs: 

Kc-\- (2a + + 3a*iS:*c’ + a*K*c* . . 

^ 1+ 4X0 + (4a + 2)X*c* + 4a*X*c* + a‘XV 

The value of K, the equilibrium constant for addition of the substance to 
an isolated heme, depends on acidity and temperature. Half-saturation 
is attained when the product Kc is equal to 1 /a. 

It can be shown further that the equation similar to equation 1, derived 
with the assumption that interactions occur only between adjacent ferro- 
hemes and not between oxyhemes, is identical with equation 1 except for a 
change in the value of the constant K, whose absolute value has not been 
determined experimentally. A saturation curve which can be represented 
by equation 1, with a 5 ^ 1, indicates therefore the occurrence of interac- 
tions in one or the other, or both, of the pure components of the system. 
It will be desirable to refer to the interaction constant, a, as the effective 
interaction constant, without for the present designating which of the com- 
ponents has the stabilization free energy. (Indeed, the overall interaction 
effect may represent a difference of interactions in the pure components 
from those in the intermediates. It is proposed to discuss this problem 
at a later time when a greater number of accurate studies have accumu- 
lated.) The application of equation 1 to chemical equilibria has so far 
been the most fruitful method of detecting the presence of and measuring 
the magnitude of chemical interaction in hemoglobin systems. 

It has been customary to represent the sigmoid saturation curves ob- 
tained in the study of hemoglobin equilibria by means of an empirical 
equation proposed by Hill (11): 


K'c" 

^ 1 + X'c» 


( 2 ) 


in which y and c are as defined above and n and K' are empirical constants. 
We shall use the name sigmoid coefficienl for n in this equation when ap- 
plied to experimental studies of hemoglobm equilibria. The value of the 
sigmoid coefficient is equal to the slope of the line obtained by plotting 
the logarithm of the ratio of combined to uncombined hemoglobin against 
the logarithm of the concentration of the combining substance. If equa- 
tion 1 of this paper is analyzed in this manner with the value of 12 for 
a, as calculated by Pauling (15) from the horse ferrohemoglobin-oxygen 
equilibrium measurements of Ferry and Green (9), the value of the sigmoid 
coefficient is found to be 2.62 for the range of saturation between 10 per 
cent and 90 per cent, the range most readily accessible for experimental 
study. Below and above this range it falls to values which approach 
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umty.* Values of the tdgmoid coefficient prevailing in the middle rang^ 
of saturation have been determined from a logarithmic plot for a number 



Fio. 1. Sigmoid coefficient n as a function of effective heme- heme interaction 

energy RT In a. 

of values of a of equation 1, and they have been plotted against RT In a 
in figure 1.^ With the help of this curve, values of n reported in the 

* The experiments of Ferry and Green (9) give evidence of the smaller slope for 
very low and very high saturation values, as predicted by equation 1. 

^ Although equation 2 does not accurately represent the hemoglobin equilibrium, 
the sigmoid coefficient n may be defined rigorously by the following equation 



where R represents the ratio of concentration of hemoglobin complex to that of 
hemoglobin, y/(l — y), a function of the variable Kc and the parameter a readily 
derivable from equation 1. Equation 3 may be modified to give the relation 



The term BR/dKc is obtained by simple differentiation of the equation for J2, and the 
restrictions of the partial differentiation are fulfilled by setting Kc equal to l/«. 
Collection of terms leads to the following analytic relation between n and a; 

4a< -h 28a» + 28a« + 4« 

12(»»-t-38c^+12o+ 1 

The value of n calculated from equation 5 using the value of 12 for a is 2.88, which 
represents the slope of the tangent to the logarithmic curve at the point at which 
log B Is sero. The value 2.62 derived synthetically, using the same a, is the average 
value applicable over the range of saturation generally studied in equilibrium 
measurements. The curve in figure 1 connecting n and a was derived from eidoula- 
iaons for the range between 10 and 00 per cent saturation and is therefore to be pre- 
ferred for empirical use over the curve lying slightly higher that may be 
from equati(m 5. 
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literature for application of Hill’s equation may be interpreted directly in 
terms of heme-heme interaction energy or effective heme-heme inter- 
action constant. For infinite interaction energy the value of the sigmoid 
coeflScient is 4; for zero interaction energy, the values of n and a are unity 
and equations 1 and 2 reduce to that for the rectangular hyperbola. 

We are now in a position to examine the results of certain equilibrium 
studies reported in the literature. There will first be treated equilibria 
of ferrihemoglobin with ions involving formation of the covalent hydro- 
sulfide, azide, and cyanide complexes, then the equilibrium involving 
formation of the ionic fluoride complex, and finally that involving the 
partially covalent hydroxide complex. Following this there will be given a 
discussion of the part played by interactions in an interpretation of the 
electrode potential studies of hemoglobin. 

IONIC-COVALENT FERRIHEMOGLOBIN EQUILIBRIA 

Keilin (12) established the fact that hydrogen sulfide reacts with ferri- 
hemoglobin at a pH of approximately 6 to give a reversible complex and 
determined by a spectrophotometric method a dissociation constant for 
the complex, assuming independence of the hemes. The values given for 
the constant show, however, a systematic increase with decrease in hydro- 
gen sulfide concentration at constant pH. 1 have treated his data anew,^ 
including the results of his Tables I and III as well as those of Table II, 
from which he determined the simple dissociation constant (1.3 X 10~* in 
terms of total uncombined sulfide). The results of this treatment are 

HbSH 

presented in figure 2, in which log -ssrv- is given as ordinate with the 

XlD"^ 

logarithm of the total uncombined sulfide concentration, log (SH 2 S), as 
abscissa. The points plotted in figure 2 certainly cannot be represented 
adequately by a line with slope unity, corresponding to the absence of 
interaction effects. A straight line with slope 1.84 has been fitted to the 
points; this sigmoid coefficient 1.84 corresponds, as seen from figure 1, 
to the effective heme -heme interaction energy of 840 cal. per mole or to 
the interaction constant 4.1. 

At pH 6.0 two-thirds of the total sulfide not combined with hemoglobin 
is in the form of hydrogen sulfide, and one-third is in the form of hydro- 
sulfide ion, which can combine with hemoglobin {Ka of hydrogen sulfide 
taken as 3.31 X 10~’’ (8)). From figure 2 it is seen that the concentration 
of total sulfide at which half of the ferrihemoglobin is in complex form is 
1.6 X 10“‘, or the concentration of hydrosulfide ion is calculated to be 

' Possible effects of the reduction of ferrihemoglobin by hydrogen sulfide (7) have 
been neglected, as the rate is probably too slow to be observed under the conditions 
prevailing in these experiments. 
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5.3 X 10~* on the assun^tion that Keilin’s solutions were buffered at pH 
6.0. Equation 1 accordii^y represents the hydrosulfide equilibrium data 
if a is set at 4.1 and is set at 4.6 X 10*. 

Keilin (18) carried out a less extensive series of experiments, similar to 
the above, on ferrihemoglobin-azide mixtures, but he did not calculate 
equilibrium constants from the data. Horse hemoglobin was used, and 
the pH of the equilibrium experiments was not recorded, although it pre- 
sumably was approximately 6. Since hydrazoic acid has a dissociation 
constant of 1.9 X 10“®, it can be treated as practically completely ionized 
at pH 6. The data are presented in figure 3, where the abscissas represent 




Fio. 2. Equilibrium between ferrihemoglobin, hydrogen sulfide, and ferrihemo- 
globin hydrosulfide. Data of Keilin; (](, Table 1; O, Table II; O, Table III. 

Fio. 3. Equilibrium between ferrihemoglobin, azide ion, and ferrihemoglobin 
azide. 

the logarithm of the total concentration of azide not combined with hemo- 
globin. A straight line of slope 1.76 has been fitted to the points as a 
reasonable representation, corresponding (figure 1) to a heme-heme inter- 
action energy of 780 cal. per mole or an effective interaction constant of 
3.7. The azide concentration at half-saturation is 1.3 X 10~®, leading to 
the value 2.1 X 10* for K in equation 1. 

For these two reactions values of the effective interaction energy are, 
respectively, 840 and 780 cal. per mole of adjacent heme pairs. These 
figures are based on the assumption of square heme configuration, but the 
values per molecule (3360 and 3120 cal.) are essentially independent of the 
structural configuration assumed (15). Considering the relatively huge 
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experimental uncertainty (of the order of magnitude of 10 per cent) in 
the determination of these two effective interaction energies, it might be 
concluded that the interaction constants are really identical to within 
experimental error for these two ionic-oovalent equilibria. ' The possibility 
that the corresponding ionic-covalent equilibria of ferrohemoglobin with 
oxygen and with carbon monoxide have identical interaction constants 
has already been discussed (6). Final conclusions about the identity of 
effective interaction constants for different reactions must await the execu- 
tion of more accurate investigations. 

The equilibrium between ferrihemoglobin and hydrocyanic acid was 
studied magnetometrically by Coryell, Stitt, and Pauling (7) at pH 4.77. 
The results, presented in figure 3 of their paper, are represented by a 
theoretical curve calculated for equilibrium with independent hemes. 
The author has reexamined their original data, and has found that the 
measurements are not sufficiently accurate to prove the presence or the 
absence of interaction effects, or to eliminate the possibility of an inter- 
action constant as large as 4. 

EQUILIBRIA WITH PREDOMINANT IONIC CHARACTER IN BOTH COMPONENTS 

Ferrihemoglobin readily forms ferrihemoglobin fluoride, and in both 
compounds the iron atom is held by essentially ionic forces. No analogous 
system has yet been found with ferrohemoglobin, so it is interesting to 
determine whether the effect of interactions is observable in these equilib- 
rium data. Lipmann (14) has made a spectrophotometric study of the 
equilibrium, using swine ferrihemoglobin at pH 6.9. His data are analyzed 
for the sigmoid coefficient in figure 4. The greatest significance is to be 
attached to the experiments made with comparable concentrations of the 
two compounds, in the middle range of the plot, and through these points 
has been drawn a line with slope unity, which crosses the zero ordinate at 
an abscissa corresponding to the simple dissociation constant of 0.0138 
given by Lipmann. It is concluded from these experiments that the effec- 
tive interaction constant for the equilibrium is 1.00; the corresponding 
value of K for equation 1 is 72.5, the reciprocal of the dissociation con- 
stant. 

As discussed in the second section of this paper, it is believed that iron 
atoms in ferrihemoglobin hydroxide are held by bonds which are only 
partly covalent, and therefore partially ionic, in nature. Extensive ex- 
periments on the ferrihemoglobin-ferrihemoglobin hydroxide equilibrium 
have been made spectrophotometrically by Austin and Drabkin (1) and 
magnetometrically by Coryell, Stitt, and Pauling (7). The data of both 
sets of workers have been published, with curves showing the equilibrium 
as a function of pH, a^uming the absence of interaction effects. There 
are presented in figure 5 data of the latter set of workers analyzed for the 
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sigmoid coefficient, using all of the data in the pH range 7.3 to 9.1 from 
their Table I (7). A straight line of slope unity has been fitted to the 
pmnts; the data of Austin and Drabkin would give the same slope with 
equal certainty. We conclude, therefore, that the effective interaction 
constant is 1.00 for this equilibrium. The value of K for equation 1 is 
7.1 X 10* for this series of measurements. 

There are two possible explanations of the observation of effective inter- 
action constants of unity in ionic hemoglobin equilibria. It is possible, 
first, that no interactions exist between the hemes of either component, or, 
second, that the effect of ferriheme-ferriheme fluoride interactions, for 




Fig. 4. Equilibrium between ferrihemoglobin, fluoride ion, and 
ferrihemoglobin fluoride. 

Fig. 5. Equilibrium between ferrihemoglobin and ferrihemoglobin hydroxide as a 

function of pH. 

example, cancels exactly the effect of ferriheme-ferriheme and ferriheme 
fluoride- ferriheme fluoride interactions. Evidence to be brought forward 
in the next section gives indication of the existence of interactions in ionic 
hemoglobin compounds and therefore supports the second possibility, 
but more quantitative information about the absolute magnitudes of the 
interaction effects has not yet been obtained. 

THE FERRO-FERRIHEMOGLOBIN ELECTRODE POTENTIAL 

It was shown by Conant (2) that the oxidation of ferrohemoglqbin to 
femhemoglobin involves one equivalent per heme group. The electrode 
reaction for the ferro-ferrihemoglobin half-cell, symbolically written, 
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Hb+ + E" - Hb (6) 

represents an equilibrium between electrons (E"), ferrihemes (Hb-^) of 
ferrihemoglobin, and ferrohemes (Hb) of ferrohemoglobin. The concen- 
tration of electrons, at 25®C., in terms of those in the reference half-cell 
is given by the following expression 


log (BT) = - 


Eobid. 

0^059 


(7) 


We expect therefore that the electrode potential of hemoglobin^ represented by 
equation 6, should be in accord with the general hemoglobin equilibrium equa- 
tion {equation f). 


A determination of the slope of the curve representing log 


(Hb) 

(Hb^) 


as 


ordinates plotted against — ^ abscissas gives the value of n of the 

U.059 

Nemst equation which is in agreement with the measurements. By virtue 
of equation 7, however, the n of the Nernst equation is identical with the 
sigmoid coefficient for reaction 6. We can therefore make use of reported 
values of n in the Nernst equation and figure 1 to obtain information 
about the effective interaction constant for equation 1. The representa- 
tion of the half-cell reaction as a typical hemoglobin equilibrium offers an 
explanation for the occurrence of values for n in the Nernst equation 
greater than unity for an oxidation involving a change in valence of unity 
for the iron atoms. 

The ferro-ferrihemoglobin electrode potential has been studied potentio- 
metrically by Conant and coworkers (2, 3, 4) and by Havemann and 
Wolff (10) and spectrophotometrically in oxidation equilibria by Conant 
and Scott (5). There are numerous difficulties in the measurement of the 
potential, and consequently measurements of the sigmoid coefficient are 
subject to some uncertainty. There are presented in table 1 values of 
the sigmoid coefficient for the oxidation reaction from all available ex- 
periments in the literature with sufficient data for the calculation to be 
made. All experiments except one at pH 7.7 have been made with horse 
hemoglobin. Conant and Scott (6) and Conant and Pappenheimer (4) 
have carried out the only experiments specifically devised to determine 
n; some of the other calculations of n rest on comparatively few measure- 
ments with large experimental error.® 

The potentiometric measurements give values of the sigmoid coefficient 
between 1,2 and 1.7, without clear evidence for any dependence on pH. 


•Note added in proof: Dr. John F. Taylor (private communication) has recently 
carried oat measurements of the electrode potential in which a high degree of 
reproducibility was attained. He reports that n of the Nernst equation is greater 
than unity but seems to depend somewhat on the fraction of hemoglobin oxidized. 
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The tiransfonnation ferrihemoglobin to the hydroxide is half effected 
at pH 8.2 (figure 5) ; studies in solutions much more alkaline than this 
involve the reduction of ferrihemoglobin hydroxide to ferrohemoglobin. 
The two speotrophotometric studies (5), in which the equilibrium was 

TABLE 1 


Sigmoid coefficient for the ferro-ferrihetnoglobin electrode potential 


pH 

ICBTHOO OF BTXrDT 

BamB- 

SNGB 

n* 

DISCUBHOK or DATA 

6.4 

E.M.F. of mixtures 

(3) 

1.4 

Best series in paper. Three 
concentration ratios in dupli- 
cate 

6.9 

Spectrophotometric. 1- 
Naphthol-2-Bulfonate 
indophenol. Equilib- 
rium 

(6) 

2.0 ±0.6 

Sixteen experiments (figure 3) 

6.9 

Spectrophotometric. 
Ferricyanide-Hb equi- 
librium in presence of 
carbon monoxide 

(6) 

2.0 d= 0.3 

1 

Thirteen experiments (figure 4) 

7.0 

E.M.F. of mixtures. 
Fe(CN)6 — catalyst 

(4) 

1.35 

Data of figure 1, reinterpreted 
to give smaller average devia- 
tion (1.23 given by authors). 
Nine concentration ratios, 
best series in paper 

7.0 

E.M.F. of mixtures 

(4) 

1.0-2 

Reported results of other series 
(no data given) 

7.7 

i 

E.M.F. Fe(CN)«— 

titration curves 

(10) 

1.2 

Interpretation of titration 
curve, figure 2. Three points, 
cow hemoglobin 

8.4 

E.M.F. of mixtures 

(3) 

1 

Data not self-consistent 

8.5 

E.M.F. Fe(CN)e-*-- 

titration curve 

(2) 

1.4 

Data of Table 11. Nine points 

8.5 

E.M.F. Sj04 — titration 
curve 

(2) 

1.2 

Data of Table II; assumed 
starting point at --4.0 ml. 
Ten points 

9.5 

E.M.F. of mixtures 

(3) 

1.7 

Data not very consistent. 
Three concentration ratios 
in duplicate 


* The value of the sigmoid coefficient n is also the experimental value of n from 
the appHcation of the Nemst equation to the results. 


approached from both sides, give much higher values, approximately 2.0. 
It seems to be definitely shown by the evidence given in table 1, however, 
that the s^^id coeflicient is greater than unity. Values of 1.2, 1.6, or 
2.0 (covering the range of values found in table 1) correspond respectively 
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to values of 1600, 2600, or 3800 cal. total effective interaction energy per 
mole, or to values of 1.9, 3.0, or 5.0 for the effective interaction constant. 
It is thus seen that interaction effects play an important part in the oxida- 
tion of hemoglobin. 

It was mentioned in connection with equation 1 that the effective inter- 
action may be a function of various interactions between like and unlike 
adjacent hemes. The occurrence of interaction effects in the ferro-ferri- 
hemoglobin-electron equilibrium does indicate, however, that ionic com- 
pounds have stabilizing interactions, and that the non-observance of 
interactions in the ferrihemoglobin-fluoride and ferrihemoglobin-hydroxide 
systems is probably due to a cancellation of interaction effects, rather than 
to their non-existence. 


SUMMARY 

Analyses of the equilibrium data for the reactions between ferrihemo- 
globin and hydrosulfide and azide ions lead to the conclusion that stabiliz- 
ing heme-heme interactions occur in these systems analogous to those 
occurring in the ferrohemoglobin system with oxygen. 

A method is presented by which the empirical n of Hill’s equation for 
hemoglobin saturation equilibria (the sigmoid coefficient) can be cor- 
related with the corresponding value of a (the effective interaction con- 
stant) for Pauling’s theoretical treatment of chemical interactions between 
adjacent hemes. 

The values of the total effective interaction energies (4f2T In a) for four 
equilibria have been ascertained. The experimental values in calories per 
mole are 3360, 3120, 0, and 0, respectively, for the equilibria with hydro- 
sulfide, azide, fluoride, and hydroxide ions. In the first two equilibria, 
complexes with covalent ferric atoms are formed; in the last two, com- 
plexes with predominantly ionic ferric atoms are formed. 

The ferro-ferrihemoglobin half-cell has been treated as an equilibrium 
between these two substances and electrons. This treatment leads to the 
conclusion that the n of the Nemst equation applied to these potential 
measurements is identical with the sigmoid, coefficient, and explains the 
occurrence of values of n greater than unity for a one-step oxidation of 
iron atoms. The fact that n is in the neighborhood of 1.6 indicates that 
interactions occur in this system of hemoglobin compoimds, both of which 
contain ionically bound iron, and that an interaction energy effect of 
approximately 2600 cal. per mole is involved. 

The author is grateful to Professor Linus Pauling for many helpful dis- 
cussions and for valuable advice in connection with this investigation, 
and to Dr. Sidney Weinbaum for assistance in preparing the figures. 
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THE FLOW OF CREAM THROUGH NARROW GLASS TUBES 
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The flow properties of milk, cream, and ice-cream mixes have been 
comparatively little studied. Bateman and Sharp (2) showed that, for 
ice-cream mixes over a limited range of stress, the rate of flow was linearly 
related, but not proportional, to the shearing stress; in another paper (3) 
they showed that the viscosity of various kinds of milk fell with increasing 
stress, and also that the viscosity, reduced by shearing, rose again on rest- 
ing the sample. This last phenomenon (“false body”) they ascribed to 
changes in the conditions of the fat clumps. These authors worked at 
25®C., and they suggested that the fall in viscosity produced by shearing 
is more marked at low than at high temperatures. 

Mohr and Oldenburg (13) made a very thorough rheological study of 
milk and cream, using consistometers of various types (rotating cylinder, 
capillary, and falling cylinder) . To interpret their data they used an equa- 
tion of the Ostwald-de Waele t 3 npe, in which the logarithm of the shearing 
stress is plotted against the logarithm of the rate of shear. Over a certain 
limited stress range, curves obtained in this way are linear, but the range 
of stresses used was so wide that many of the data fell outside the linear 
part of the curve.* Mohr and Oldenburg also investigated the viscosity- 
concentration relation, which has recently received a very interesting 
treatment at the hands of Leighton and his coworkers (8, 9, 10, 11, 12), 
but this problem is not discussed in the present paper. In some of Leigh- 
ton’s papers, however, the authors do claim a linear relation between flow 
rate and shearing stress. A certain amount.of other work has been done 
(20), but it was felt that the whole question of the nature of the flow of 
cream and milk through narrow tubes required further investigation, and 
that the results of such an investigation might well lead to methods of 
measuring the physical properties of these systems which would be of 
commercial importance. 

For this piupose a capillary consistometer of the type known as the 

* New York State Agricultural Experiment Station, Geneva, New York. This 
article was approved by the Director as Journal Paper No. 341. 

* For a full account of the rather ocunplex rheology of these systems see reference 
18, page 70. 
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Rothamsted plastometer was used. This instrument, which is a modifica* 
tion of tlie Bingham plastometer, has been fully described in the literature 
(19, 17). It is sufficient here to say that in this instrument the material 
is forced by compressed air at known pressure through a series of standard- 
ized ghtss capillary tubes, the ends of which are connected to {upets. 
When one pipet is emptied the direction of shear can be reversed, so that 
the material can be sheared back and forth as often as is desired. The air 
displaced by the cream flowing into the initially empty pipet is allowed to 
escape through a series of capillary tubes whose resistance is known and 
can be varied, and, since air is a true fluid, the rate of escape of air, and 
hence of the flow of the cream, is proportional to the pressure at the en- 
trance to the leak, which is measured on a sensitive manometer. It is 
found that for cream and milk a slight progressive breakdown occurs dur- 
ing the process of shearing unless the temperature is such that the fat 
globules are liquid. For this reason a temperature of 37®C. was used for 
the present work. This also has the advantage of being the temperature 
at which milk is actually drawn from the cow. Under these conditions, 
neglecting the first shear in which “false body” is destroyed and correcting 
for certain minor irregularities, it is found that repeated shearing gives 
reproducible data for milk, natural cream, and such artificial creams as are 
sufficiently stable to be worth investigating. 

Because of the irregularities of the first shear, it is not possible to study 
the amount (if any) of the breakdown produced by shearing by a direct 
method, but, if a general relation can be assumed between S (shearing 
stress), V (flow in cubic centimeters per second), R (radius), and L (length), 
then, since the amount of breakdown will depend on R and L, deviations 
from the simple relation when these factors are varied will indicate the 
extent of the breakdown. It will be shown later that not only breakdown, 
but in certain cases the building up of structure as a result of shear, have 
to be considered. Schofield and Scott Blair (15) have shown® that, what- 
ever assumption is made about the relationship between velocity gradient 
and stress in anomalous systems, curves® (hereinafter called “flow curves”) 
obtained by plotting F/tR* against PR/2L (shearing stress at wall) must 
be unique, i.e., independent of R and L so long as the following' three 
criteria remain true: (a) Each particle of the material moves in a straight 
line, at a constant velocity, parallel to the axis of the tube. (5) There is 
no slip at the wall, (c) The velocity gradient, at any point, is some func- 
tion of the shearing stress at that point, and depends on nothing else. 

Quite apart from the case of simple plug flow at stresses below the 
yield value, divergences have been observed for a number of materials. 

' Similar ideas were developed at almost the same date by a number of authors. 
The question of priority is somewhat involved (see reference 18, page 37). 

* P must, of course, be expressed in dynes per square centimeter. 
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In some cases these divergences are due to a breakdown of the material, 
thus invalidating condition c, and such breakdown may be irreversible or 
reversible, the latter being a manifestation of false body. Ambrose and 
Loomis (1) studied materials (bentonites) which show false body,® but 
Schofield and Scott Blair (15) showed that in the case of many clays and 
certain other materials some mechanism other than a breakdown is at 
work, since with these materials the position of the flow curve is affected 
by changes in R but not in L, whereas any type of breakdown under shear 
would be more marked the greater the value of L. 

Philippoff (14) has recently studied a large number of materials many 
of which show divergence; in some cases these are caused by false body, 
whereas in others they are caused by anomalous flow near the wall of the 
tilbe. 

The Rothamsted plastometer has been in use for a number of years for 
work with clays, soils, and the like, and has shown itself convenient to 
operate, especially on account of the speed with which results can be ob- 
tained, no weighings or time readings being needed once the instrument 
has been standardized. Its usefulness for cream was at first questioned 
on account of a phenomenon which has not yet been fully explained. Neg- 
lecting the first shear, although the second shear gives consistent data, by 
about the third, fourth, or fifth shear it is found that, while the pressure is 
held constant, the flow is at first rapid, and then gradually falls during the 
shear. On reversing the direction of shear and using the same pressure, 
the flow rate again starts high and falls during the shear. This phenom- 
enon becomes worse as the experiment proceeds. Fortunately, it can be 
entirely eliminated by stirring the cream thoroughly between the shears. 
This is easily effected by allowing a few bubbles of air to pass along the 
capillary and so up through the cream in the full pipet. The phenomenon 
is presumably caused by some kind of packing effect, though it can be 
shown that this does not take place primarily in or at the entrances of the 
capillary, since air introduced through a side tube and bubbled through 
the bulk of the cream, but not through the capillary, is effective in elim- 
inating the trouble. 

A large number of creams, — natural, homogenized, and reconstituted 
from milk and butter with and without stabilizers, — have been tested. 
The results show (1) excellent reproducibility in almost all cases and (18) 
extremely complex rheological conditions. It was hoped that the great 
variety in rheological properties met with might enable different types of 
cream, indistinguishable by chemical means, to be recognized. Generally 
speaking, it has not yet been possible to do much along these lines, though 

• The term '^thixotropy'' is used. Strictly speaking, this should refer only to 
a true gel-sol transformation, hence the term "false body" is preferred. Time alone 
will show whether the distinction is worth preserving. 
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it is hoped that further woric may lead to some such practical use for the 
method. It is clear that nothing of this kixid will be possible until the flow 
properties of cream have been fully investigated. It was found that numy 
natural and a few reconstituted creams, of both high and low viscosity, 
diow straight-line flow curves passing through the origin, and in many 
cases these are “unique” (i.e., independent of variations in R and L). 
These systems are true fluids and will be classed as a. Others (0) show 
unique curvilinear flow curves; others {y) again show straight-line curves 
whkh diverge; and others (6) show curvilinearity and divergence. In all 
cases of curvilinearity, the logarithmic flow curves (plotting log {V/r R*) 
against log {PR/2L)) are linear over a considerable range. In most cases 
the exponent (which we shall call n)* is greater than 1, i.e., viscosity falls 
with rising stress (cases j31 and 51), and the system shows “structural 
viscosity” in the Ostwald sense, but in a few rare cases values of n of less 
than 1 have been obtained (02 and 52). This phenomenon may be*,anal- 
ogous to the “inverse thixotropy” of certain emulsions and other colloidal 
systems (5, 6, 7). It must be remembered that the phenomenon of thixo- 
tropy or false body can be distinguished from this type of structural vis- 
cosity (fall in viscosity with rising stress) only when the rate of recovery is 
comparatively slow. Systems /32 and 52 may be, in a sense, dilatant (4) 
or may be regarded as exhibiting a type of strain-hardening. One of us 
(J.C.H.) has observed that in using a McMichael viscometer with thick 
cream, the viscosity increased with the shearing. This is probably the 
same phenomenon. 

Rare but authentic cases have been observed where the divergence of the 
flow curve is in the opposite sense from the normal. When breakdown 
occurs, the viscosity is naturally less in the narrower and longer tubes, but 
in these rare cases (which may be classed as e) the reverse is the case, 
viscosity being greatest in the widest and shortest tubes. This is doubt- 
less another manifestation of the same kind of phenomenon. 

It must be emphasized that there is no direct relation between viscosity, 
divergence, and curvilinearity. Some creams of high viscosity are truly 
fluid, while other thinner creams show either or both of the anomalies at 
the temperature at which the experiments were done. It will, however, 
be shown later that the same cream, diluted so as to vary its viscosity, 
t^ds' to vary its divergence in a regular way. Various authors have 
attempted to relate the viscosity of cream to its microscopic structure. 
Before discussing our experiments on the microscopic structure, it would 
be well to consider the question of viscosity. It is clear that some criterion 
of viscosity must be established if figures are to be obtained to correlate 
with the microscopy data. For true fluids (a), the evaluation is simple. 


• » - d flog (V/r R*)]/d Il<« (PR/2L)]. 
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In accordance with the Foiseuille-Hagen law, we have for viscosity, r), 

^ 1 / V_\ 

” 4 \2L / jrflV 

SO that viscosity is given directly by the slope of the flow curve. 



Fig. 1. Typical flow curve for creams of the a- type. X, capillary II, « 0.0258 
cm., L * 19.9 cm.; A, capillary III, R * 0.0302 cm., L = 20.0 cm.; □, capillary IV, 
R » 0.0550 cm., L * 20.0 cm.; +, capillary V, 0.0773 cm., L =* 19.8 cm. 



Fig. 2. Typical flow curve for creams of the jS-type. X, capillary II, R ** 0.0258 
cm., L • 19.9 cm.; A, capillary III, R « 0.0302 cm., L * 20.0 cm.; □, capillary IV, 
R * 0.0550 cm., L * 20.0 cm. 

There arises the problem of what is to be done for systems which are not 
truly fluid. The whole question has been discussed in connection with 
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curvilinearity for such systems as flour doughs by Scht^ld and Scott 
Blair (16) and by the same authors for cases of divergence in the papers 
already quoted (15). 



Fio. 3. Flow curves for creams of the -y-type. X, capillary II, R " 0.0258 cm., 
L ** 19.9 cm.; A, capillary III, R - 0.0302 cm., L - 20.0 cm.; □, capillary IV, R « 
0.0650 cm., L 20.0 cm. 



Fio. 4. Flow curves for creams of the i-type. X, capillary II, R > 0.0258 cm., 
L — 19.9 cm.; □, capillary IV, R — 0.0658 cm., L — 20.0 cm.; +, capillary V, J? ■ 
0.0773 cm., L » 19.8 cm. 

Some authors believe that it is inadvisable to report viscosities in c.o.B. 
units unless these viscosities are independent of stress and of the dimen- 
sions of the iqiparatus. We cannot agree with this point of view since, 
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to be logical, the same argument should be applied to variations with 
changes in temperature, in which case no viscosities could be quoted at all. 
If viscosities are to be reported for arbitrary temperature, stress, and con- 
ditions of shear, these factors must, of course, be clearly stated, and for 



Fig. 5. Flow curve for a cream of the /52-type (n < 1). X , capillary II, R =* 0.0258 
cm., L ■■ 19.9 cm. 



Fig. 6 . Results obtained with a cream of the c-type. X, capillary II, R 0.0258 
cm., L ■■ 19.9 cm.; A, capillary III, JR » 0.0302 cm., L - 20.0 cm.; □, capillary IV, 
R 0.0550 cm., L «« 20.0 cm. ; #, capillary IVa, R « 0.0554 cm., L 73.7 cm. 


different materials different data will be required. For cream it is neces- 
sary to state the temperature (in our case 37®C.), the shearing stress (for 
non-fluid systems an arbitrary value of 200 d3mes per square centimeter is 
chosen), and the radius and length of the tube. For reproducibility, the 
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pretreatment of the sample must of course be controlled. These viscoriliee 
are, c4 course, an arbitrary criterion, but it is found that, in conjunctkm 
edth n and the amount of divergence, they form useful practical criteria 
fat cream; moreover, obtaining the whole series of flow curves gives far 
more information than any single viscosity determination such as could 
be obtained in an ordinary viscometer. 

In figures 1 and 2 are shown typical flow curves for creams of types a 
and d; in figure 3 curves for tjrpe y ; in figure 4 curves for type i. Figure 6 
shoTm a case of n < 1 (type j92), and figure 6 a case where the divergence 
is inverted (type e). 


TABLE 1 


Valtiea obtained vnth different eapillariee 


•AMPUD 

CAPXLLABTU 

CAPZLLABT m 

CAPZLLABT IV 

CAPZLLABT IVA 



n 

V 

n 

V 

n 

n 

n 

1 

0.287 

1.13 

0.405 

1.51 

0.405 

1.21 

0.405 

1.04 

2 

0.137 

0.97 

0.158 

0.97 

0.177 

1.00 

0.161 

1.00 

d 

0.158 

0.93 

0.189 

1.05 

0.198 

1.02 

0.189 

1.07 

4 

0.106 

0.90 

0.109 

0.92 

0.114 

0.92 

0.095 

1.00 

R 

0.0258 

0.0302 

0.0550 

0.0554 

L 

19.9 


20.0 


20.0 


23.7 


Effect of capillary II on size of globules and clumps 


i 

SAMPLB 

AVBRAGII BZBX OF GLOBULBS 

(m) 

AYBBAGII BIZB OF CLUMPS 

(m) 


Before shear 

After shear 

Before shear 

After shear 

1 

2.37 

2.37 

4.78 X 6.75 

4.51 X 6.31 

2 

1.78 

1.82 

4.24 X 2.90 

4.40 X 2.98 

3 

1.38 


3.71 X 2.72 


4 

1.28 

1.42 

2.90 X 2.12 

2.76 X 1.98 


HICROBCOPtC TECHNIQUE 

The fat globules and fat globule clumps were measured at a magnifica- 
tion of approximately 1300 diameters, using an ocular micrometer disc 
standardized with the microscope so adjusted that each of the smallest 
divisions represented 1 micron. Three-tenths of a cubic centimeter of the 
cream to be examined was diluted with 100 cc. of water and mounted as a 
hanging drop preparation. Two hundred fat globules and the clumps 
found in the fields were measured for each cream, except in some cases in 
which the number of clumps exceeded the number of globules and the pro- 
cedure was reversed. 

In order to illustrate the sort of data that were obtained by this tech- 
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nique, an experiment will be described in which it was intended to find out 
whether shearing through the narrowest capillary used, capillary II, 
(J2 = 0.0258 cm., L = 19.9 cm.) would affect the size of globules and 
clumps. A sample of reconstituted cream was made by passing the usual 
mixture of butter and milk once through a household emulsifier (sample 1 ; 
fat about 30 per cent). The remainder of sample 1 not used in the test 
was again passed through the emulsifier, and a second sample taken for 
testing (sample 2). The same procedure was repeated for a third sample 
(sample 3) and again for a fourth, except that in this last case the screw 
of the emulsifier was loosened slightly. These four samples were tested 
with capillary II, and examined microscopically before and after the test. 
The results are given in table 1 . 

The microscopic examination was made only in the case of capillary II, 
but it is clear that shearing, which has produced definite divergence, has 
not shown any significant effect on the size either of the globules or of the 
clumps. The usual relationship between the size of fat globule clumps and 


TABLE 2 

Effecta of preaaure used in emulsification and of egg yolk 


SAMPLa 

FIBST T1»T 

SECOND TEST (AFTBR 24 HB. IN 

bbfrxqbrator) 


n 

n 

V 

n 

1 

0.07 

1.00 

0.07 

0.93 

2 

0.08 

1.00 

0.08 

0.97 

3 

0.07 

1.07 

0.07 

1.07 

4 

0.08 

1.04 

0.08 

1.02 


the viscosity of homogenized and reconstituted creams was demonstrated 
in these experiments. A number of workers have shown that increases 
in the size of fat globule clumps produced by homogenizing natural or 
reconstituted creams and ice-cream mixes increased their viscosity. The 
effects of the pressure used in emulsification and of egg yolk are shown in 
table 2. 

The reconstituted creams^ containing 30 per cent milk fat were num- 
bered as follows: 

Sample 1 : No egg yolk; homogenized at 1000 pounds per square inch 

Sample 2: No egg yolk; homogenized at 2000 pounds per square inch 

Sample 3: -1-2.6 per cent egg yolk; homogenized at 1000 pounds per 

square inch 

Sample 4: -1-2.5 per cent egg yolk; homogenized at 2000 pounds per 

square inch 

^ We are indebted to the Staff of the Laboratories of Messrs. J. Lyons and Co., 
Ltd., for their kindness in preparing these samples especially for our experiments. 
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The butter and milk mixtures used for the experiment reported in table 
2 were heated to 65 . 5 °C. (ISO^F.), and each mixture was passed twice 
through the homogenizer at the pressure stated and then at a lower pres- 
sure (approximately 200 pounds per square inch). The products were 
finally cooled by passing over a small cooling screen. 

Table 2 shows that it is possible to make reconstituted creams which are 
true fluids, showing neither divergence nor curvilinearity, both with and 
without egg yolk. The egg yolk did not affect viscosity, but the cream 
prepared at the higher pressure had in all cases a slightly higher viscosity. 

It was originally intended to study the effects produced by a temperature 
treatment for increasing the consistency of sweet cream as described by 
Hening and Dahlberg (6a) . Most of the increased consistency is lost when 
the cream is warmed to 37 “C. for the test. Comparatively few British 
houses have refrigerators of any kind and larders are often far from cool, 
so that conditions are different from those in the United States, where an 
increased consistency need not withstand anything but comparatively low 
temperatures. For this reason, the problems concerning consistency in- 
duced by cooling have not been investigated. 

The effect of concentration on the divergence of flow curves has been 
studied by Schofield and Scott Blair ( 15 ) in the case of clays, and it was 
found that the effect is greatest at a moderate concentration and less in 
high and low concentrations. It must be remembered that this phenom- 
enon is not a breakdown such as is found in cream, and it is of interest to 
enquire as to the effect of varying the fat content on the divergence of the 
flow curves. 

A number of experiments have been done on natural creams, all of which 
go to show that the higher fat content tends to give an inverted or negligible 
^vergence, whereas the lower fat content gives a higher divergence. 

SUMMARY 

1. Creams, — natural, homogenized, and reconstituted, — have been 
sheared through glass capillary tubes under pressure at a temperature of 
37 “C., and flow curves plotting the rate of shear against shearing stress 
have been constructed. 

2. Five general tsrpes of flow curves have been obtained. Type a: 
true fluids. The viscosity (ri) is independent of stress and of the dimen- 
sions of the capillary. Type n is not independent of stress, but is in- 
dependent of the dimensions of the capillary. In the majority of cases 
1) falls with rising stress (structural viscosity), but in a few rare cases 
rises with stress. T3q)e 7: i; is independent of stress, but is not inde- 
pendent of the dimensions of the capillary. In most cases a narrower or 
longer capillary shows a lower if (due to a breakdown in structure), but in a 



S'LOW OP CREAM THROtJGH NARROW 'TtTfiES 


863 


few cases the reverse occurs (type e). Type S: ri is not independent of 
either stress or the dimensions of the capillary. 

In the case of systems which are not truly fluid, viscosities are defined 
under arbitrarily chosen conditions of stress and shear. 

3. A microscopic examination of creams has been made for comparison 
with their rheological properties. Even an amount of breakdown in- 
duced by shearing which was too small to be observable microscopically 
could be demonstrated from the flow curves. Only in the case of com- 
paratively drastic breakdown was there any visible change in the size of 
the clumps of fat globules. 

4. Preliminary comparisons of the flow curves of natural, homogenized, 
and reconstituted creams do not make it possible to distinguish the differ- 
ent types of cream, although certain general trends have been observed. 
It is hoped that further work may make possible some such more exact 
classification. 
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OPTICAL ANISOTROPY AND THE STRUCTURE OF 
CELLULOSIC SHEET MATERIALS^ 
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In this communication the approach to the optical anisotropy of xerogel 
sheets described by McNally and Sheppard (4) is extended to give a 
more complete representation of their birefringence. This property is 
now expressed in quantitative rather than in graphical form, the direc- 
tions of the indices are defined, and, whenever profitable, the structural 
interpretation is supplemented with x-ray diffraction evidence. 

METHOD 

The birefringence is evaluated by observation of the birefringence at 
known angles of refraction as the refracted beam is swept, by rotation of 
the specimen, through as large an angle as possible in two of the three 
principal sections of the biaxial sheet. This, with suitable graphical 
extrapolation, allows the appraisal of the differences between the refrac- 
tive indices. The uniaxial sheet for which only one rotation is required 
is considered the special case. At any given angle of refraction in the 
principal section, 

S = (m - nO (1) 

cos r 

where 6 is the observed birefringence, d, the thickness of the sheet, ni and 
tit, the refracted indices of the ray at the angle r, and r, the angle of refrac- 
tion, is defined by the relation 

Ml sin 0 s /Kt sin r (2) 

where mi and mi are the indices of refraction of the medium and specimen, 
respectively. The curves obtained by plotting 5 cos r/d against r® are 
shown in figure 1: the curve which crosses the zero birefringence axis 
identifies the section containing the optic axes; the other is readily recog- 
nized. Even with the extended curves now available, accurate extrapola- 
tion is not possible in their present form, but this is easily accomplished 
when S cos r/d is expressed as a straight-line function of the angle of re- 

I CommunicBtion No. 700 from the Kodak Besearoh Laboratories. 
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fraction. This has been done from the following considerations: In each 
wave surface section, the birefringence is in every case the difference be- 
tween a constant and varying index, i.e., n\ — ns. The general relation 
between the angle of refraction and the birefringence in each section 
must have the form 


m » /(«i) - m (3) 

In the section the constant index ns is reciprocally associated with the 
circle radius. The variation of the other index, ni, is again dependent 


COft*r 



Fig. 1 Fig. 2 

Fig. 1. Birefringence curve with angle of refraction 
Fig. 2. Birefringence curve with cos* of angle of refraction 


reciprocally on the normal to the tangent to the wave front at the point of 
emergence of the ray. Thus, 



where ON is normal to the tangent to OR, the ray direction at R. The 
variation of ^ with the angle of refraction may be computed, when o 
and h, the semiaxes of the elliptic section whose reciprocals correspond to 



OFnCAL ANIBOTBOPT 


867 


the maximum and minimum refractive indices, do not differ to a great 
extent, as is the case with sheet materials 


ni — n* 



M 2 

~ cos r — n* 
0 


(4) 


where 1 + ^ K and K = a/6. Thus, ni — n* is a linear function of 

cos* r. 

Obviously, if r is 90®, equation 4 becomes ^ ~ 



CeU.UL08S TSIACBTATt CEI.l.Ul.08a TRIACETATE 

Fig. 3 Fig. 4 

Fig. 3. Birefringence curve with angle of refraction 
Fig. 4. Birefringence curve with cos* of angle of refraction 


It can be shown also that the expression is valid, within the limits of 
the approximation, if r is 0®. Then equation 4 becomes 


and 


g (1 — m) — nt 


1 _ 1 1 
a 6 1 + ft 




For this expression, which makes possible accurate extrapolation of the 
birefringence curves, thanks are due to Dr. Herzberger of these Labora- 
tories. This transformation of the curves of figure 1 is shown in figure 2, 
and a similar transformation in the case of a negative uniaxial sheet of 
cellulose triacetate is shown in figures 3 and 4. In upwards of three 
hundred cellulosic sheets examined in these Laboratories, this relation of 
S cos r/d and cos^ r has been found sufiiciently valid. 
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It is thus possible to present the results, not, as b^ore (4), in graphical, 
but in quantitative form. This, together with the location of the index 
ellipse in the film with reference to stresses applied, etc., provides the 
requisite data for the fullest structural inteipretation. This is demon- 
strable with two general cases without reference to the position of the 
optic axes. 



TABLE 1 


VcUuea obtained from the tivo rotations when extrapolated to 90° 


(1) 

CABM 

(2) 

PLANS OfIbOTATION 

(8) 

BIBSFBINOBNCB AT 

r- 0* 

(4) 

BIKSFBINGBNCB AT 

r - 90* 

NO. 

I 

ya 

-a 

7-/3 

1 

Ii 


/5 - a 

7-0 

2 

II 

ya 

7-/8 

— o 

3 

II. 

afi 

7-/8 

7 - a 

4 


The plane of the sheet is normal to the paper and the line of observation 
is normal to the sheet, i. e., normal incidence is along y in case I and a in 
case II, corresponding to r, the angle of refraction of 0®. The values ob- 
tained from the two rotations when extrapolated to 90® are summarized 
in table 1. 

While one rotation in the axial section ya is sufficient to determine y — a, 
the maximum value of the birefringence, by the addition of columns 3 and 
4 for Nos. I and II, the presence of the second rotation Ii and IIi allows a 
second estimate; in practice, an average value is selected. 

The determination of the optic sign and the orientation of the indices 
may be facilitated by a study of the interference patterns and of the 
addition and subtraction colors with a first-order red plate of several, 
similarly orientated thicknesses of the sheet. From such a preliminary 
examination of stretched acetate sheeting, the results given in table 2 are 
obtained. This, together with the deduced difference in index from the 
extrapolated curves, enables the complete representation shown in table 3 
to be made. 

The estimated accuracy of the method is 10 per cent for values of y — a 
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of 60 X 10“* and greater; for lower values, it ranges from 10 to 20 per cent. 
The estimation of the optic axial angle may show a 20 per cent variation 
at angles of less than 15^. 

The apparatus used in these experiments consists essentially of a unit 
provided with three axes of rotation for the sample under examination. 
Since its distinctive feature allows for immersion of the sample during its 
rotations about the extinction position, it is possible, therefore, by a 
suitable choice of immersion media to obtain from equation 2 a reasonable 
number of values of r A necessary precaution is the avoidance of any 
swelling or solvent action by the medium,— an eventuality which may be 
detected by change of birefringence with time. The apparatus, which is 


TABLE 2 

Preliminary examination of stretched acetate sheeting 



CONOaCOPlC OBSBBVATION 

PABALLSL UQBT 

FILM 

Interference pattern 

Vibration direction 

Type 

Sign 

Line of obser- 
vation normal 
to film 

Axial angle 

Axial section 

of slow ray in film 
plane. Ist-order 
red plate 

Stretched 

acetate 

Biaxial 

- 

Acute bi- 
sectrix 

Small 

Direction of 
stretch 

Direction of 
stretch 


TABLE 3 


Complete representation of stretched acetate sheeting 


FILM 

iTPi; 

BlQtf 

AXIAL 

AMQLB 

2V 

y-g 
X 10-» 

g — a 
X 10-* 

BXBB- 
FRIN- 
GBNCB 
y — a 
X 10-* 

348 

ORIENTATION OP INDBX BLLIPSB IN 
FILM THICKNESS 

Stretched 

acetate 

Biaxial 

- 

66® 

no 

238 

1 

1 

I 



► 4— Stretch 


not unique, is outlined in figure 6. Such an arrangement facilitates 
change and control of the immersion medium. A Polaroid filter is em- 
ployed as polarizer, and, while a choice of compensators is possible, the 
type most frequently used in these measurements is the double quartz 
wedge whose components have their ‘^slow'^ vibration directions at right 
angles (4). This instrument when mounted with analyzer allows a rapid 
measurement. For certain purposes the Berek compensator may be used; 
it is more sensitive with low birefringence values than the former and may 
be used to determine ‘‘slow ray'^ vibration directions, etc. Unlike the 
wedge type, however, which employs a direct scale reading, the latter must 
be adjusted to compensation for each reading, and with a number of films 
to be examined the time involved may be a consideration. The source of 
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light is the type H3 mefcury lamp supplied by the General Electric Com- 
pany; with the requisite filters, a good range and intensity of lines are 
given. Such a source is preferable to a monochromatic one which does 
not allow rapid recognition of the influence of dispersion on the birefring- 
ence, an influence which is frequently appreciable in plasticised sheets. 
The filters employable are listed in table 4. 



TABLE 4 

Description of filters 



FUiTBR 

i. 

4360 

Corning No. 71 

4916 

2X Wratten 75 

5416 

Wratten 77A -f No. 58 

5790 

Wratten 22 Monochromat 

6900 

Wratten 70 4* No. 16 


Most of the measurements are made with X 5790 A. A desirable pre- 
caution in such an assembly is the placing of gelatin filters behind the 
Polaroid filter; the gelatin sheet itself is birefringent-uniaxial with the 
optic axis normal to the sheet, and if placed in front of the polarizer may 
introduce an ^preciable error if accidentally tilted from the vibration 
plane of the sjrstem. To facilitate computation graphs of the ratio iti/in 
against cos r and cos’ r for selected values of 6, the angle of incidence may 
be constructed from equation 2. 
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For immersion media, a-chloro- and oc-bromonaphthalenes have been 
employed, but with side chains longer than butsrrate the usual salt solutions 
must be used. Refractive indices were measured with the Abbe refractom- 
eter. As is customary in polariscopic observations of this kind, the 
directions of vibration of the compensator and specimen are placed in the 
diagonal or 45° position to those of the crossed polarizer and analyzer. 

RESULTS 

The two main influences on the birefringence of cellulose ester sheets 
are (/) the nature of the side chain attached to the principal valence chain, 
and { 2 ) the micellar or crystallite orientation. These two effects cannot 
always be separated, because the side chains may influence not only the 
anisotropy of the molecule but also the orientation of the micellar units. 
An instance where the former clearly predominates is shown by the change 
in birefringence with the diminishing acetyl content of cellulose acetate. 
The results with plate-coated uniaxial negative sheets whose average 


TABLE 6 

Change in birefringence with diminishing acetyl content of celltdoae acetate 


ACliTTL CONTBKT 

BiiiapBiNaBNcii ne — no X 

44.6 

-66 

40.6 

-246 

39.3 

-580 

35.0 

-620 

27.0 

-700 


thickness was 0.13 mm. are shown in table 5. The index ellipse for these 
sheets is placed in the thickness of the film: 



Thus, the increase in negative birefringence shown in table 5 is due to an 
increase in no, whose vibration direction is the plane of the sheet. An 
effect of this magnitude must be chiefly the result of molecular changes and 
not of any changes in micellar orientation. 

With completely esterified products it is assumed that the anisotropy 
of the orientated crystallites or micelles may be interpreted in terms of a 
similar orientation of molecules. This is permissible only if the aliphatic 
side chains of the crystallite are perpendicular to the glucopyranose residues 
not only on the same but also on neighboring parallel molecules. There 
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is good experimental support for acceptance of this assumption from the 
x-ray diffraction studies of J. J. Trillat (7) on a homologous series of 
cellulose esters. 

In general, while a weakly anisotropic molecule can never give a strongly 
birefringent crystal, a strongly anisotropic molecule may give either a 
strongly or weakly birefringent crystal, according to the crystalline 
molecular arrangement. There may be cases, therefore, when x-ray 
diffraction evidence is absent, in wMch the aforementioned assumption 
cannot be made. X-ray evidence is fairly conclusive in the identification 
of film crystallites as similar to, or derived from, their fibrous counter- 
parts (6). Birefringence of the sheet, however, results from the orienta- 
tion of such units in the aggregate, and in its interpretation consideration 
is given to the resultant molecular orientation. With such cellulosic 
sheets the index ellipse is placed normal to the plane of the sheet without 
serious error, and the birefringence interpreted in terms of the molecular 
architecture which the micellar orientation determines. 

TYPES OP ORIENTATION IN XEROGELS 

There are three classes of micellar or crystallite orientation which are 
idealized for descriptive purposes: viz., (a) uniplanar orientation, (b) 
selective uniplanar orientation, and (c) directional orientation. The first 
two terms are taken from Sisson’s description (6), but it is felt that his 
description of class c as uniaxial orientation is, in this application, an 
unfortunate choice since, in many instances, the result is optically biaxial. 

Uniplanar orientation involves a completely random orientation except 
for the restriction that the principal valence chains lie in one plane, — 
in general, the plane of the film. The result is optically uniaxial. Selec- 
tive imiplanar orientation places the added restriction on uniplanar that 
the side chains are not at random but are in a fixed direction. This result 
is again uniaxial. Directional orientation restricts the direction of the 
principal valence chains to one direction; the result is usually optically 
biaxial, but complete directional orientation in one direction should in the 
absence of the other type give a uniaxial film with the optic axis in this 
direction. 

Uniplanar orientation 

While the three tyi>es of orientation cannot always be separated, the 
increasing birefringence with diminishing sheet thickness is clearly the 
result of increased uniplanar orientation. This effect is particularly 
evident with slightly hydrolyzed esters, as is shown by such an acetate 
propionate (see table 6). 

SdecUve uniplanar orientation 

This type of orientation is more evident with fully esterified sheets than 
in those containing a proportion of hydroxyl groups. The side-chain 
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spacings, identifiable from Trillat's results^ show marked fibering with 
the x-ray beam in the plane of the sheet. As a consequence of this arrange- 
ment; the directional influence of the side chains on the refractive index 
must be considered, as shown in table 7. The introduction of side chains 
longer than acetate, as in acetates butyrate and propionate, increases the 
index normal to the sheet to the extent of a reversal of sign. Cellulose 
caprylate, on the other hand, possesses a relatively high negative bire- 
fringence, — a result that suggests a proportion of side chains in the plane 
of the sheet. 


TABLE 6 


Increasing birefringence with diminishing sheet thickness 


TRlCKNBaB 

BiBsrBXNOBNCB n, — no X 1(H 

mm. 


0.010 

203 

0.028 

190 

0.051 

150 

0.076 

140 

0.127 

132 


TABLE 7 

Directional influence of the side chains on the birefringence 


ACBTATB 

BIBBFRINGBNCB 

n, - no X 10-» 

Acetate 

-66 

Acetate propionate 

4-46 

Acetate butyrate . 

4-25 

Butyrate 

-14 

Caproate 

-62 

Heptoate 

-76 

Caprylate 

-100 


Directional orientation 

This type results from unidirectional stresses. If complete, the long 
chains would be aligned in the direction of stress in a similar manner to 
those of the fiber. Its interpretation in terms of micellar orientation from 
birefringence measurements necessitates the elimination of any contribu- 
tion to the double refraction from deformation of valence bonds, and, in 
the present observations, this was accomplished by the application of 
tensions to the incompletely cured sheet. In this state an appreciable 
amount of solvent is retained, the sheet possessing the elastic properties 
of a swollen gel. Table 8 shows the difference in index in and normal to 
the plane of the sheet of plate-coated material and those stretched while 
still retaining solvent. Since the sheets on extension become biaxial, an 
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effective comparison can only be made by noting the difference between 
the greater index n, in and that normal n. to the plane of the sheet. 
When the latter has the greater index, the birefringence is preceded with a 
negative sign. In column 3 the difference in indices, n, — n^, in the 
plane of the sheet is given. The nomenclature n., n^, and is used only 
for comparative purposes, and is not always identifiable with the customary 
n«, rifi, and n^. Comparison of columns 1 and 2 shows that materials 
that pve negative plate-coated sheets show a reduction of this bire- 
fringence in the stretched sample. With positive sheets there is a slight 
increase or little change. In evaluating this comparison it is necessary 
to consider the influence of extension on this index in the plane of the sheet. 
It appears reasonable to assume that the “greater index” in the plane 
of the sheet is larger than the ordinary index in the plate-coated sheets. 
Any alignment of the principal valence chains or a greater orientation of 

TABLE 8 


Differences in birefringence between plate-coated and stretched sheets 


CSLLULOBB B8TBB 

(1) 

PLATS COATlNa 

n* ~ n« X 10» 

(2) 

STBBTCBB 

(2) 

DSHBBTB 

Triacetate 

-66 

-21 

5 

Acetate propionate 

46 

60 

11 

Acetate butyrate 

25 

25 

4 

Butyrate 

14 

16 

13 

Heptoate 

-76 

-50 

130 

Caprylate 

-400 

-200 

2 


glucopyranose rings in the plane of the sheet would tend to increase the 
index in this plane. X-ray diffraction evidence, in general, supports 
this view; the contrast in ring fibering between plate-coated and stretched 
sheets of cellulose butyrate is shown in figure 6. Triacetates show little 
difference, but the increased ring fibering is clearly shown in the diagrams of 
acetate propionate and acetate butyrate. Comparison diagrams of sheets 
stretched to the same extent, 15 to 20 per cent, when the solvent has been 
removed as far as possible, show much less fibering than the two afore- 
mentioned types. On this view the birefringence results are readily 
explained, for, if extension results in an increase in the index 1° the plane 
of the sheet, a reduction in negative and little change or an increase in 
positive birefringence can only be explained by an increase in nl, which, 
in turn, is attributable to increased selective uniplanar orientation. 
It is concluded that a second influence of stresses on such open struc- 
ture sheets is the forcing of side chains perpendicular to the< direction 
of stress. 
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A similar comparison of tin; “slow ray” vibration direction in the film 
produces a provocative result. With plate-coated sheets such a slight 
orientation may not always be evid<!nt, even when the Berek compensator 
or first-order red plate is used, and, as far as the quantitative expression 
is concerned, they arc all considered uniaxial. The coating direction in 

Beam lit Platte of Sheet 




Plate-Cpated 


Stretched 


Fig. 6. Cellulose butyrate sheeting showing “fibering” of side-chain spacing 


TABLE 9 
Slow ray direction 


LELLCLOME ESTEK 


PLATE-COATED i STH ETCHED 

UKFEKKED TO COAT- I KEPEUUED TO 
ING DIRECTION | STKEea DIRECTION 


Triacetate 
Acetate propionate 
Acetate butyrate 
Butyrate . ... 

Heptoate 
Caprylate . 


A. to = 


such coatings is porpcndicular to the spn'ading knife edge (tabic 9). 
All stretched shei'ts give a slow vibration normal to the direction of stress. 
This may be explained from tlu' similar orientations observed in th(' plat('- 
coated sheets in obs(‘rvable cases, suggesting tliat an initial eflFect of stress 
may be the alignment of chains normal to its direction, - an effe(*t which 
is predetermiiK'd by the tendency of these chains to lie parallel to the 
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coating knife edge; it is only at considerable elongations that the triacetate 
shows a slow vibration in the direction of stretch. 

DISCUSSION AND CONCLUSIONS 

The appreciable increase in negative birefringence occasioned by the 
introduction of hydroxyl groups is in marked contrast to the results 
obtained by Kanamaru (3) on a series of progressively acetylated fibers. 
His observations, made by means of the immersion method, show negligible 
change over a wide range of acetyl contents - 15 to 45 per cent -and an' 
attributed to the topochemical nature of the acetylation process, giving 
a completely acetylated micellar surface, wdiich, by this experimental 
method, determines the birefringence. It should be noted that thes(' 
acetylated ramie fibers, obtained by a progressive increase in the time of 
reaction, show, in comparison with acetate sheets, three relevant differ- 
ences: Firstly, the sheets are obtained by partial hydrolysis of the* fully 
estcrified product, which results in not only a greater proportion of primary 
alcoholic groups but also the presence of hydroxyl groups on the micellar 
surface. Secondly, these sheets are obtained by at least partial dissolution 
and subsequent n'generation of the crystallites with a measure of intra- 
crystallite change (5). Thirdly, and significantly, the presenc(' in shec'ts 
of planar orientation, implying the pmsence of a sidc'-chain orientation in 
comparison with a more random orientation in fibers, makes quantitative' 
comparison impossible. Bernal and Crowfoot (1) suggest that, in testo- 
sterone and androsterone, the presence of hydroxyl groups perpc'iidicular 
to the planar system may be responsible for the in(!reased ind('X in that 
direction. On this view it is possible to speculate that the relativ('ly high 
negative birefringence promoted by partial hydrolysis of the ('st('r groups 
indicates the presence of a proportion of hydroxyl groups in th(' plane of 
the sheet. The evidence available suggests, but does not definitc'ly prove, 
that the presence of a small proportion of hydroxyl groups diminishes the 
selective uniplanar orientation. X-ray diffraction diagrams show that, 
in comparison with the introduction of a similar proportion of propionyl or 
butyryl groups, the hydroxyl group produces much more intracrystallite 
lattice disorganization. Ring fiber structunj is much less in evidence, but 
this does not exclude its presence. One may suggest that th(' relatively 
great disorganizing effect on the structural manifestations occasioned by 
such an introduction of a proportion of hydroxyl groups may be associated 
with hydrogen bridge formation by hydroxyl groups in proximity. The 
significance of this type of bonding in cellulose and other long-chain 
molecules has been pointed out by Huggins (2), and it is easy to visualize 
inter- and intracrystallite bridging promoting the less organized arrange- 
ment. On this view the effect of partial hydrolysis of a cellulose ester 
gives rise to two stereochemically opposing tendencies : namely, the align- 
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ment of the aliphatic side chains and the relatively powerful bridging of 
the hydroxyl groups. 

The influence of thickness on the birefringence of sheets indicates also 
that, with increasing thickness, the planar orientation decreases. Thus, 
thicker sheets are biaxial where the orientating influence of the spreading 
knife edge becomes more effective and the rate of coating becomes increas- 
ingly influential on the birefringence (5). If, in the greater thicknesses, 
symmetrical distribution of ‘^dope^' were possible, an isotropic material 
would result. It is this dimensional influence on the planar orientation 
that invalidates comparisons with the optical anisotropic properties of 
the bulkier samples employed for photoelastic measurements. 

The introduction of side chains longer than acetyl increases the index 
normal to the sheet, and with increasing length, as in caproate and 
heptoate, a tendency to an increase in the index in the sheet occurs. The 
first effect is paralleled by the observations of Bernal and Crowfoot (1) 
on the influence on the birefringence of side chains attached to a saturated 
ring system of a series of sex hormones. They suggested that the intro- 
duction of methyl groups perpendicular to the plane of a ring system pro- 
duced weak positive birefringence. There is no definite x-ray diffraction 
indication of differences in a selective uniplanar orientation between 
triacetate, acetate propionate, and acetate butyrate, and the differences 
in optical anisotropy may be attributed to the difference in side chains 
attached to each molecule. The high negative birefringence of cellulose 
caprylate and the reduction thereof on extension finds some explanation 
from the results of Trillat's investigations on the structures of a series of 
aliphatic esters of cellulose. From these studies Trillat identified the 
side-chain spacing, firstly, by its increasing distention with increasing 
length of aliphatic chain and, secondly, by noting similar spacing increases 
of the series of free aliphatic acids and their lead salts. He also demon- 
strated that the “crystallinity’’ diminished rapidly beyond propionate; 
this he attributed to the diminishing cohesive forces between the principal 
valence chains, owing to their being pushed apart by the aliphatic side 
chains. Furthermore, when cellulose caprylate film is stretched to 100 
per cent of its original length, a marked discontinuity in the side-chain 
spacing is noted when the plane of the film is perpendicular to that of the 
diagram. This suggests that the reduction of the negative birefringence 
on extension is due to the forcing of the side chains perpendicular to the 
plane of the film. On the other hand, the high negative value of the plate- 
coated material at least indicates that the aliphatic side chains are in the 
plane of the sheet. Any other orientation, such as normal to the plane 
of the sheet, would tend to develop, first, diminishing negative and then 
possibly positive birefringence. It may be suggested that this tendency, 
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involving a tilting of the glucopyranose lings of the long chains, may also 
explain the birefringence values of the caproate and heptoate. 

llie influence of unidirecrional stresses on the sheet structure produces 
a more marked selective uniplanar orientation when the sheet is in the 
swollen condition. A somewhat similar observation has been made by 
Sisson (6), who noted the development of “selective uniaxial orientation” 
as stretched synthetic cellulose membranes approached the film structure. 
Similar x-ray diffraction evidence has been given by Tiillat (8) on cellulose 
acetate. Presumably, the application of tensions to the open structure of 
the solvent-retaining sheet produces the more organized structure because 
of the greater freedom to orientate. 

The result that the “slow ray” vibration direction in the plane of the 
film of the fully esterified stretched sheets is normal to the direction of 
extension may be attributed to at least three factors: (1) The remaining 
side chains in the plane of the sheet may be sufiicient to contribute to the 
greater polarizability in this direction. Some support for this view may be 
gathered from the result that cellulose triacetate fibers are negative; the 
vibration of the ordinary index in the plane of the side chains is that of the 
slow ray. (^) The long chains may be, in part, aligned normal to the 
direction of stretch, — a condition that may well be predetermined by the 
orientating influence of the spreading knife edge. (S) There may be 
marked discontinuities in the orientation throughout the thickness of the 
film; it is probable that a highly organized structure exists near the sheet 
surfaces approaching a more random structure in the center. The nature 
of the orientated region may determine the slow ray direction. 

It may be noted that isolated direct quantitative comparisons of the 
birefringence of chemically different sheets for the purposes of structural 
interpretation are spurious. Thus, despite the greater birefringence of 
the partially hydrolyzed esters, there is reason to believe that the fully 
esterified, though less birefringent, materials possess the higher degree of 
crystallite organization. Diminishing birefringence of negative sheets 
may be the result of increased disoiganization in the plane of the sheet or of 
increasing index normal to this plane, due to increasing organization. 
X-ray diffraction and subsidiary optical evidence generally permit a 
decision on this alternative. 

It is also clear from these results that, with an appropriate introduction 
of side chains, the sheet may appear optically isotropic if selective uni- 
pianar orientation is present. Such a sheet would be well organized 
despite the absence of birefringence arising from the balanced polariza- 
bilities in and normal to the plane of the sheet. Cellulose butyrate 
illustrates the possibilities in this direction. In general, however, these 
sheets should be regarded as anisotropic because of their intrinsic property 
of planar orientation. It is posrible to produce ,a quasi-isotropy by 
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introduction of a second component, e. g., camphor in cellulose nitrate, 
but differences in optical dispersion preclude the absence of birefringence 
over a range of visible wavelengths. 

The chief advantage of such birefringence measurements is a practical 
one. They may be made whether the sheet gives instructive x-ray diffrac- 
tion diagrams or not, and the latter alternative is a frequent occurrence 
with cellulose ester sheets. Sisson’s (6) studies on synthetic cellulose 
membranes exemplify the x-ray method at its best; the diagrams are well 
resolved with the different types of orientation clearly shown, and for a 
structural interpretation birefringence measurements, apart from a theo- 
retical interest, would be superfluous. 

It is hoped to deal with the influence of solvents and plasticizers in a 
later publication. These influences, while real, do not alter the general 
conclusions of this paper. 


SUMMARY 

The evaluation of the birefringence of sheet materials is described and 
the general considerations in its structural interpretation are discussed 
and demonstrated. 

The writer desires to express his sincere thanks to Dr. S. E. Sheppard 
for his experienced and encouraging counsel during these investigations, 
to Mr. S. S. Sweet for valuable assistance in the coating of diverse sheet 
materials, and to Dr. P. T. Newsome for helpful discussion of the subject 
matter. 
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Several liquids, when cooled at a velocity of the order of some hundred 
degrees per second, become vitreous. The glasses so obtained devitrify, 
that is, crystallize, when upon warming they reach certain temperatures 
called the devitrification temperatures. The latter are, therefore, the 
temperatures at which a body passes from the vitreous to the crystalline 
state (2). Unlike the melting or the boiling temperatures, they are not 
sharply defined points but extend over a range, devitrification being slow 
at the lower end of the range and gradually faster at the upper end. The 
devitrification temperatures should therefore be expressed in the form of 
temperature-time relations. 

By use of the method of immersion of thin layers in liquid air for rapid 
cooling, the vitreous state was obtained in various aqueous solutions: 
gelatin, albumin, gums, sugars, inorganic salts, etc. (1). The investigation 
of the devitrification temperatures of such solutions was- then begun, and 
it was observed that there is apparently a relation between these tempera- 
tures and the structural complexity of the solute. The present report is 
concerned with that relation as shown in sugar solutions. 

Vitreous sugar solutions are transparent; when they devitrify they be- 
come intensely opaque. In polarized light, between crossed Nicols, the 
vitreous substance is dark; after devitrification it reestablishes light. 
To determine the temperature-time curve, the change in the opacity of the 
material in ordinary light was used as a criterion of devitrification. 

A small drop of the sugar solution to be studied was enclosed between 
two glass plates 0.1 mm. thick, maintained at a distance of 0.1 mm. from 
each other by two glass strips of that thickness interposed between the 
plates. This preparation, held in a clip, was first immersed in liquid air 
for vitrification; it was then withdrawn and, after 8 sec. had been allowed 
for the evaporation of the liquid air carried along, it was immersed in a 
constant-temperature bath of isopentane contained in a transparent (un- 
silvered) Dewar flask. Isopentane was used on account of its immisci- 
bility with water. The increase in opacity was observed against a 100- 
watt lamp placed beyond two pieces of ground glass at a distance of 25 
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cm. from the preparation. Five arbitrary degrees of opacity were dis- 
tinguished by comparing the devitrifying material vdth an opacity scale 
made by depositing layers of various thicknesses of white paint on a piece 
of glass. For establishing the fifth degree — the only one which is con- 
cerned in this paper — the opacity of a preparation frozen at a few degrees 
below zero was taken. The temperature was measured by an alcohol 
thermometer graduated to — 50“C. in fifths of degrees and recalibrated at 
0®C. against an Anschutz thermometer (with P.T.R. certificate). The 
readings were corrected for incomplete immersion of the stem after the cor- 
rection values had been established by comparison of the incompletely 
immersed thermometer with another of the same make, completely im- 
mersed and itself recalibrated at 0°C. The duration of devitrification was 
measured with a stop watch. 

The results obtained with glucose, CeHuO*, at 2 AT concentration, 
with sucrose, CjjH«Ou, at 2 M concentration, with raffinose, CisHnOu* 
5HiO at 1 M concentration, and with dextrin, (CeHioOs)^ at 2M/x con- 
centration are graphed in figure 1. The products used were of the 
purest grade prepared by the Pfanstiehl Chemical Co. 

These sugars were chosen on account of the number of their carbon 
atoms, which is six or a multiple of six, but they are not entirely com- 
parable otherwise: raffinose crystallizes with five molecules of water, the 
others are anhydrous; glucose has a free aldehydic group, the polysachar- 
rides have none; the number of hydroxyl groups does not vary proportion- 
ally to the number of carbon atoms; glucose seems to possess only a six- 
membered ring, while sucrose probably has a five-membered ring and a 
six-membered ring; etc. 

In each of the carbohydrate solutions that were studied — and the same 
is true of many other solutions — the physical properties related to crs^stal- 
lization changed from one range of concentrations to another, there being 
three well-observed ranges; (f) A high concentration range in which the 
solution did not freeze at any temperature, for example, 3 M sucrose; 
devitrification was then impossible. {2) A low concentration, 2 M for 
sucrose, at which the solution could be vitrified and devitrified. On 
devitrification, the preparation took on an amber color when observed in 
transmitted light. The opacity described above consists, then, in a deepen- 
ing and darkening of the originally transparent, then translucent, amber 
layer. This appearance of the preparation and the gradual increase in 
opacity, which can well be observed in these conditions, are, no doubt, 
due to the fine grain of the crystals. (S) An intermediate concentration, 
2.4 M for sucrose, in which the pattern of the devitrifying material is 
different from that just described; the amber color is absent, the increase 
in opacity does not take place with the smooth gradation of the less con- 
centrated solution, and the crjrstalline structure seems to consist of a 
coarser grain. The temperatures at which this type of devitrification 
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Fig. 1 . Plot of time against devitrification temperature. Curve A, 2M lx dextrin ; 
curve B, IM raffinose; curve C (unbroken line), 2M sucrose; curve C (dashed line), 
IM sucrose; curve D, 2Af glucose. The circles at the right-hand end of each curve 
indicate that the solution was not devitrified in 5 min. 


occurs are lower than those of the former type; for sucrose they are more 
than 15®C. lower. 
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In the present work only the devitrification temperatures of solutions 
of the lower concentration range are compared. An attempt was made 
to use for that purpose the same molecular concentration for all the sugars, 
but this was impossible. While a concentration of 2 M was convenient 
for glucose and sucrose, it could not be used for raffinose which, at that 
concentration, is in the upper range and does not freeze at any tempera- 
ture. On the other hand, a concentration of 1 M was convenient for 


TABLE 1 

Time for devitrification of sucrose solutions at various temperatures 


TBliPBRATUBB 

TIMB FOR DBVZTRXFICATION OF 

1 M SnCROBB 

TIMB FOR DBVlTBmCATIOK OF 

2 M BUCROBB 

•c. 

suondt 

seconds 

-26.4 

11 

8 

-26.8 

16 

13 

-27.6 

23 

20 

-27.9 

23 

17 

-28.3 

30 

25 

-29.0 

38 

32 

-29.4 

49 

42 

-30.0 

63 

48 

-30.4 

83 

71 

-30.8 

120 

88 

-31.1 

175 

95 

-31.5 

260 

185 

-31.7 

400 

235 


TABLE 2 

Devitrification temperatures in a standard time of five minutes 


BUOAR BOLUTION 

CONOBlfTRAIlON 

TBMPBRATVBB 

KOKBBR OF CARBON 
ATOlfB 

Glucose 

2M 

•c. 

-40.6 

6 

Sucrose 

2M 

-31.8 

12 

(Sucrose 

1 M 

-31.4 

12) 

Raffinose 

1 M 

-27.2 

18 

Dextrin 

2 Mix 

-9.4 

6x 


r affin ose and sucrose, but glucose could not be vitrified at that concentra- 
tion, since it froze on being immersed in liquid air. So the following were 
selected for study: 2 M glucose, 2 M sucrose, 1 M raffinose, and 2 M/x 
dextrin. To render the comparison between raffinose and sucrose possible, 
a determination of the devitrification temperatures of 1 ilf sucrose was also 
made (the dashed line on the graph). 

There is a very slight difference in devitrification temperatures for a 
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coDsiderable change in concentration within a given concentration range. 
By mounting two drops, one of 1.4 Af and the other of 1.6 Af sucrose, on 
the same preparation and observing simultaneously the change in opacity, 
no difference could be observed between them. The same procedure, 
however, allowed one to detect a difference of about 0.4°C. in the devitri- 
fication temperatures of 1 Af and 2 Af sucrose. The figures obtained for 
the devitrification times of 1 Af and 2 Af sucrose at various temperatures 
are given in table 1. The difference in opacity between the two concen- 
trations was mostly noticeable during the first stages of the darkening of 
the amber-colored preparation; it became less at the last stages. The 
higher concentrations caused a depression of the devitrification tempera- 
tures, a fact which perhaps is to be attributed to the same cause as the 
depression of the freezing point. 

Taking 5 min. as a standard devitrification time, the devitrification tem- 
peratures of the sugar solutions studied range as shown in table 2. 

According to preliminary results, solutions of substances of high molecu- 
lar weight, like the gums, agar agar, and gelatin, have a devitrification 
temperature in the neighborhood of — 10°C., while solutions of substances 
of low molecular weight, such as formaldehyde, ethylene glycol, and glyc- 
erol, devitrify between —80“ and — 60“C. The various radicals exert 
a definitely different influence on the devitrification temperatures, and this 
influence must be studied before any attempt at establishing a quantita- 
tive relation of more general nature can be made. 
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The formed structures of animal cells and tissues are composed primarily 
of protein and are presumably laid down by alteration of soluble protein. 
Each type of structure, — ^for example, membranes or fibrils, — may have 
its specific mode of formation and series of precursor compounds, as in 
fibrin clotting, yet the physical processes involved may be of very general 
occurrence throughout biological ssrstems. Such a process is seen in the 
adsorption of protein molecules at an interface, with subsequent rearrange- 
ment of structure and the formation of bonds linking the units, which are 
themselves polymers of amino acids, in another degree of polsrmerization. 
To obtain information concerning the processes by which interfacial struc- 
tures can be produced from solutions containing protein one may study the 
properties of protein monolayers. Such films offer the possibility of a great 
degree of control over the relation of molecules to each other and to the 
aqueous subsolution. Since the cohesion of molecules within the plane of 
the film is of particular interest from the point of view of membrane formar 
tion, a quantitative method was devised for studying the viscosity and 
elasticity of unimolecular films as an index of the lateral bonding of mole- 
cules. 

This paper presents results obtained by applying this method to uni- 
molecular films of casein and of nerve axis cylinder protein. Findings with 
cholesterol are included because of the information yielded regarding the 
nature of the elastic effects. 


THEOBY 

Some general aspects of the theory of surface viscosity measurement 
and an experimental comparison of the results obtained for long-chain 
normal alcohols by oscillating discs or rings and oscillating vanes have 
already been published (6). The theory of the oscillating-vane method 

‘ The material of this paper is from the thesis presented by the author in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy in the School 
of Graduate Studies of Washington University. A preliminary description of this 
work has been published elsewhere (5). 

' Present address: Department of Chemistry, University of Chicago, Chicago, 
Illinois. 
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is less familiar than that for systems of circular symmetry presented by 
Langmuir and Schaefer (9) and is therefore outlined here. 

Oberbeck (13) compared the rate of damping of the oscillations of a 
vane, according as it was completely immersed in a liquid or as its upper 
edge approached and penetrated the surface. In the present work the 
surface is penetrated by the lower edge of the vane only, so that the 
sensitivity to changes seated at the air^water interface is increased. The 
essential difference between this work and that of Oberbeck is in the recog- 
nition of the presence of a film, deliberately caused to be present and 
quantitatively specified by the film-balance technique of Langmuir, Adam, 
and Gorter. 

Two conditions are postulated in the quantitative theory of the method: 
(1) that the differences between a clean surface and one covered with a 
film can be attributed entirely to the film, and (JS) that the resistance of 
the film to an oscillating vane may be localized as rupture at the ends of 
the vane. The first assumption requires that any resistance of water ac- 
companying the film be included in the computed film resistance, but this 
is only a magnification of an effect essentially caused by cohesion within 
the film itself. The effective immersion of the vane must remain the same 
in the presence of the film. For films of many substances the resistance 
rises to values a thousandfold greater than that of the clean surface. 

The differential equation 


I 


d^e 

d<* 


+ Rf, + re^o 


( 1 ) 


for the oscillation of a system with moment of inertia /, having a resisting 
torque R proportional to the angular velocity, and a restoring torque 
tO proportional to the angular displacement 6, leads to the expressions 

1 = J- 

P 2r 

and 



X 


RP 

21 


(3) 


in which P is the period and X is the logarithmic decrement. According 

d^ 

to the second condition, the torque R arises from the rupture of the film 

at the ends of the vane. It is convenient to obtain X in common log- 
arithms, converting to base e by the factor 2.3. The resistance of the 
clean surface is to be subtracted, according to the first condition. Letting 
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{ be the length of the vane and <r the force in dynes required to rupture the 
film at unit rate, we have 


<r- a(^)^4X2.3 


(4) 


The quantity a has the dimensions of surface viscosity, the unit being the 
“surface poise”. 

If the film has no appreciable elasticity, the effect of increasing cohesion 
of its molecules is to increase /?, and hence lengthen P, according to equa- 
tion 2. But if elastic forces in the film add to the restoring torque of the 
suspension, the value of r is increased, hence shortening P. As a protein 
film is compressed, P is observed first to increase slightly, then to decrease 
greatly. These effects are illustrated in table 1 and in figure 2. The 
contribution, At, of the film to the restoring torque can be computed: 


At 


■( 


4/ + X* 

p2 


4t* + X?\ 

n } 


(5) 


The subscripts refer to the clean surface. A sufficiently accurate approxi- 
mation in a form more convenient for calculation is obtained by neglecting 
the X’s: 


At = 4,r*/ 



( 6 ) 


A logical first assumption as to the nature of the elastic force exerted on 
the vane by the film is that it is compressional. This was the view of 
Marangoni (11), that the advancing vane piled up the film before it and 
left the water surface clean behind. However, one can have certain films 
(long-chain alcohols, cholesterol) under high pressure, without any elastic 
effects. To bp manifest, a sweeping action would require either a very 
large viscosity or the presence of shear elasticity. The latter can be 
demonstrated in many films by the behavior of talc motes, and would itself 
contribute to the elastic effect. 

A theoretical analysis of the elastic effect resulting in an expression for 
the elastic constants (compressibility, modulus in shear) has not yet been 
accomplished. Trials have led to the empirical result that the effect of 
change in the length of vane can be taken into account by computing an 
elasticity index: 



(7) 


This index can be used to compare and characterize films of different 
substances. 
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PBOCBDURE 

A film balance and trough of the Langmuir-Adam type furnished 
pressure-area data. Proteins were spread from solution by Gorter’s 
technique. From 30 to 60 min. were allowed to insure relatively complete 
spreading before compression was begun. The stepwise compression of 
the film extended from 1 to 4 hr. In the pressure-area plots only the equi- 
librium points are shown; equilibration was not so extensive as that ob- 
served for egg albumin (7). Cholesterol was dissolved in redistilled ben- 
zene and applied dropwise. The trough was 14 cm. wide and 1.8 cm. deep. 
To obtain maximum symmetry, the oscillating vane was suspended 7 cm. 
in front of the float which divides the clean surface from that which is 
covered with film. A box with suitable doors and windows inclosed the 
apparatus, preventing disturbances from drafts. 

The oscillating system was a brass cylinder, split in half along the axis 
and held together by brass screws. The phosphor bronze suspension wire 
was soldered into a small brass plug, which screwed into the center of the 
upper end of the cylinder. A microscope cover glass clamped symmetri- 
cally in the lower end of the cylinder served as the vane. The glass was 
cleaned with hot chromic-sulfuric acid before each experiment. A pair 
of air jets directed at the ends of the vane served to control oscillation in 
either direction. The lower edge of the vane should parallel the water 
surface, and in its resting position the vane should be parallel to the 
direction of compression. Under these conditions the vane suffers no 
displacement during the compression of a strongly coherent film, since the 
sharp edge can cut the film. At the same time, the vane acts like a screw- 
driver blade, and does not break loose from the film, as a circular object 
has frequently been observed to do (14, 15, 12). These considerations 
indicate the special applicability of the vane to highly rigid films. An 
oscillating ring system was not satisfactory for this type of film, because it 
showed a marked tendency to be carried along as the film (casein) was 
compressed. The moment of inertia in all of the experiments was 105 
g. cm.‘; the period in the clean surface was about 12.2 sec., except m some 
preliminary experiments in which it was 4.05 sec. Period and decrement 
were independent of amplitude, for the films studied here; any trend with 
amplitude was so slight as to be obscured by random variations. Hence 
five or ten swings were used whenever possible, to facilitate computation 
of Xio. The average of two or three sets at a given area and pressure is 
presented as a single point. 


MATERIALS 

The cholesterol was from the Eastman Kodak Company (Rochester, 
New York). The casein was “Labco” brand, vitamin-free; from' the 
Casein Corporation of America (New York City). Casein solutions were 
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made up by dissolving the powder in 0.1 M sodium hydroxide, then neu- 
tralizing the solution with acetic acid, the final solution being 0.01 M in 
sodium acetate, and containing about 1 mg. of casein per milliliter. 

Nerve proteins were simple extracts of minced leg and claw nerves of 
lobsters in isotonic phosphate buffer, pH 7.4, clarified by centrifuging and 
filtering. This extract has been shown by Bear, Schmitt, and Young (3) to 
contain as its chief protein constituent the protein complex of the axis 
cylinder, designated by them as neuronin. 

EXPERIMENTAL RESULTS 

Cholesterol 

Cholesterol is perfectly fluid to talc, as noted by Adam and Rosenheim 
(1). The period of the pendulum and the quotient, Xio/P, which is pro- 
portional to the viscosity, show almost no change from the largest areas to 
the collapse of the film. The resistance is slightly less in the presence of 
the film than for the clean surface; in terms of viscosity the maximum de- 
crease is 0.01 surface poise. This apparent negative viscosity is probably 
due to decrease of effective immersion of the vane combined with an ex- 
tremely small viscosity.^ Decrease of surface teasion lessens the capillary 
rise along the vane. This is borne out by an experiment with palmitic acid 
in which the vane was not quite level. At large surface pressures the higher 
end was released from contact with the water. The cholesterol experi- 
ment shows the independence of viscosity, and especially elasticity, from 
the film pressure, since the film was compressed to collapse without sig- 
nificant change. 


Casein 

The pressure-area graphs of five films are shown in figure 1. The uni- 
formity of these films with respect to compression was the basis on which 
they were selected for testing equations 4 and 7. Other films, not so uni- 
formly spread, showed similar relations. 

Comparisons between the oscillating vane and talc observations were 
made in order to correlate the results with those of Hughes and Rideal 
(8), who noted the appearance of elasticity at a certain stage in the com- 
pression of gliadin films. Table 1 shows that the elasticity becomes ap- 
parent to talc at about the same step in compression as the first shortening 
of the period. That is, the vane method, as used here, has about the same 
sensitivity as the talc observation method, but has the advantage of per- 
mitting numerical comparison of degrees of elasticity. 

In figure 2 are shown the data for the computation of elasticities and 

® Langmuir, Schaefer, and Sobotka (10) record the surface viscosity of cholesterol 
as less than 0.002 surface poise, the limit of sensitivity of their measurements. 
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viscosities. The open ssrmbols represent results with a &-cm. vane; the 
solid symbols are for a 3.&-cm. vane. Figure 3 shows the extent to which 



Fig. 1. Pressure-area relations of casein on 0.01 M hydrochloric acid. Ordinate, 
surface pressure in dynes per centimeter; abscissa, area in square meters per 
milligram. 

Fig. 2. Data from casein films for testing equations 4 and 7. Open symbols 
represent measurements with a vane 5.0 cm. long; solid symbols with a vane 3.5 cm. 
long. Ordinates: period in seconds, quotient XIO/P. Abscissa, area in square 
meters per milligram. 


TABLE 1 

Comparison of observations with the vane and with talc 


CASBIN 

YAHB ZN 

Air 

Clean 

surface 

Film 

Fluid 

Talc im 

Fluid 

iication 

Reeistant 

Elastic 

Labco casein: 







Period, in seconds 

12.21 

12.23 

12.34 

12.30 

12.35 

12.14 

Decrement, Xio 

0.003 

0.026 

0.035 

0.034 

0.039 

0.156 

Area, m>. per milligram. . . 



1.58 

1.35 

1.11 

0.87 

Pressure, dynes per centi- 







, meter 



1.71 

2.78 

3.74 

8.07 

Crude casein: 







Period, in seconds 

4.02 

4.06 

4.06 

4.06 

4.06 

4.02 

Decrement, Xio 

0.001 

0.012 

0.013 

0.021 

0.033 

0.047 


agreement is obtained between the viscosities measured with different 
vaneS; using equation 4. This is taken as evidence favoring the validity 
of the equation. At low pressures the casein films are fluid; the point of 
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Fig. 3. Viscosity of casein. The open and solid symbols represent measurements 
with vanes of different lengths brought to agreement by equation 4. Ordinate, 
viscosity in surface poises; abscissa, area in square meters per milligram. 

Fig. 4. Elasticity of casein. The open and solid symbols represent measurements 
with vanes of different lengths brought to agreement by equation 7. Ordinate, 
elasticity index; abscissa, area in square meters per milligram. 



Fig. 5. Computed bulk viscosity of casein. The ordinate numbers times 10^ are 
the viscosity in poises; the abscissa is the thickness of the film in Angstrdm units. 

solidification^ about 6 dynes and 0.96 square meter per milligram, is marked 
S in the figures. The elasticity index computed according to equation 7 
is shown in figure 4. 
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Surface visccNBity can be compared with bulk viscosity if we divide by the 
thickness of the film. In computing this, a density of 1.33, corresponding 
to the specific volume of protein in solution (4), was assumed for the mate- 
rial in the film. Figure 5 presents the results of this operation. The 
computed bulk viscosity is not constant, although a constant viscosity 
would be expected for increasing thicknesses of the same material, but 
increases, an indication that the structure of the film is different at each 
step in compression. The large magnitude of these viscosities rules out 
comparison with the viscosities of ordinary liquids. Since the films are 
in fact elastic solids, it is with the fiow characteristics of solids that com- 
parison should be sought. 


Nerve proteins 

A single preparation of nerve protein was used for all of the experiments 
at pH 5.0, another for those at pH 4.3, and two for those at pH 2.0. Data 


TABLE 2 

Spreading of nerve protein at pH 6.0 


TRIAL 

CONDITIONS 

VOLUMB OF 
SOLUTION 

ABBA or FILM 



ml. 

cm.* per ml. 

1 

Aqueous protein solution on dilute buffer 

0.1415 

1230 

2 

Aqueous protein solution on dilute buffer 

0.2885 

1920 

3 

Alcoholic protein solution on dilute buffer 

0.1400 

4800 

4 

Alcoholic protein solution on dilute buffer 

0.0852 

4640 

5 

Aqueous protein solution on 0.5 M sodium 
chloride 

0.1410 

4600 

6 

Aqueous protein solution on 0.5 M sodium 
chloride 

0.0650 

4900 


are lacking by which to compare the area relations between the different 
preparations, but for a particular preparation pressure-area comparisons 
in terms of area per milliliter of solution can be made. At each pH these 
relations had the general form shown by casein, that is, above the lowest 
pressures a straight line, intersected at a higher pressure by another 
straight line of lesser slope. Table 2 indicates the manner of spreading on 
0.0033 M acetate buffer at pH 5.0. Applied directly, as in trials 1 and 2, 
the spreading was not quantitative, as the area (obtained by extrapolating 
the lower linear part of the plot to zero pressure) shows. However, by the 
addition of alcohol, diluting four volumes of nerve protein solution with 
one of 47.5 per cent alcohol, quantitative spreading was obtained. The 
same area was found for spreading at this pH on acetate buffer made 
0.5 M in sodium chloride. The lower straight-line portion of the pressure- 
area curve began at about 2 dynes pressure; the intersection of the two 
linear parts came at 15 dynes per centimeter. 
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Another preparation of nerve protein showed a similar type of pressure- 
area relation on 0.0033 M acetate buffer at pH‘4.3. Here the lower pres- 
sure-area line also began at about 2 dynes per centimeter; the intersection 
of the two linear portions at 20 dynes per centimeter. On 0.01 M hydro- 
chloric acid, pH 2.0, only the first linear portion was observed, commencing 
at about 6 dynes per centimeter. The experiments only extended to 16 
dsmes per centimeter. 

Figure 6 presents viscosity as a function of surface pressure for nerve 
protein on different subsolutions. This relation should be independent of 



Fig. 6. Viscosity of nerve protein. Ordinate, viscosity in surface poises ; abscissa, 
pressure in dynes per centimeter. Curves A, B, and D are for films on subsolutions 
of pH 6.0, 2.0, and 4.3, respectively. 


the actual amount of protein on the surface. In curve A, which shows 
the values at pH 5.0, the results of trials 1 and 2 of table 2, in which 
spreading was incomplete, are represented by x's. Here, although all of 
the protein released did not go onto the surface, that which did is exactly 
like other films in which all of the protein was spread. This similarity is 
likewise shown by the elasticity relations presented in figure 7. The 
viscosity-surface pressure relations are nearly linear but show a slight up- 
ward curvature, continuing smoothly to pressures above that of the 
break between the two linear parts of the pressure-area curves. 
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On the subeolutions of pH 5.0 and 4.3 the films were elastic within a few 
seconds after spreading; even at zero pressure, with unoccupied surface 
available, they formed elastic membranes of definite shape. On acid 
solution, pH 2.0, however, the nerve protein resembled casein in remaining 
fluid at low pressures for several hours. On standing overnight under 
pressure on a solution of pH 2.0 the nerve protein underwent a change, in 
that upon reSxpansion it was no longer fluid, but weakly elastic. This 



Fig. 7. Elasticity of protein films. Ordinate, elasticity index (on a tenfold larger 
scale in the lower portion) ; abscissa, pressure in dynes per centimeter. Curves A, 
B, and D are for nerve protein on subsolutions of pH 5.0, 2.0, and 4.3, respectively; 
curve C is for casein on 0.01 M hydrochloric acid. In curve C the open and solid 
symbols represent measurements with vanes of different lengths. 

type of increase of elasticity with time was observed by Hughes and Bideal 
(8) with gliadin, and has been encountered with casein as well. This 
dbows that the differences in elasticity at zero pressure are essentially 
differences in the rate of formation of bonds in the film. The elasticity 
indices of the films spread on subsolutions of different reactions are shown 
in figure 7. For these films from one-half to one hour of aging after spread- 
ing was allowed. The plot shows that on acid solution both casein and 
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nerve protein have vanishingly small elasticities at low pressures, while 
at the higher pH values the nerve protein has a marked elasticity down to 
the lowest pressures. 

Although the nerve protein is knit together rapidly after spreading on 
solutions of pH 6.0 or 4.3, and shows elasticity even at zero pressure, 
there is an initial period in which the surface is mobile. This could be 
demonstrated by sprinkling the surface with talc before applying the pro- 
tein, to make the film boundary visible. If the amount of protein and the 
area available for its spreading are so adjusted that some surface is always 
unoccupied, the patch of film is rounded, and this rounded outline is re- 
tained after the release of compression. However, if the film is spread on 
a restricted area, in which a pressure of a few dynes develops, and the bar- 
rier is then displaced to greater areas, the straight edge of the patch of film 
is retained. That is, during an early interval in which the film is fluid it 
can be moulded, after which it has a definite set. 

DISCUSSION 

Bonding of the protein molecules within the plane of the film, as evi- 
denced by elasticity and viscosity, takes place either spontaneously with 
the passage of time or can be brought about by compression. For rela- 
tively short experiments of only a few hours duration, the elasticity and 
viscosity manifested upon compression are largely reversible. This sug- 
gests that the changes in elasticity and viscosity with compression arise 
rather simply from the felting together and mechanical interference of the 
separate protein molecules. The elasticity exhibited at zero pressure, 
whether soon after spreading or as a very slow development, seems better 
explained by relatively permanent bonds within the film. Presumptively 
these are of the same type as the labile bonds of native proteins. 

It has been recognized, as pointed out by Cohn (4), that some kind of an 
unfolding must take place to account for the change of dimensions from 
the round shape of a dissolved protein molecule to the unimolecular film 
of much less thickness. The details of this unfolding are still a matter of 
speculation (see 2 and 16), but it is evident that the exposure of reactive 
groups capable of forming a plane poisoner may be involved. The nature 
of these reactive groups should be revealed by the effects of substances 
dissolved in the subsolution upon the tendency of the film to form a mem- 
brane spontaneously. The pH dependence encountered here suggests 
that ionizable amino acid side chains are largely responsible; repression of 
carboxyl ionization by high acidity prevents intermolecular bridge forma- 
tion, while at more nearly neutral reaction carboxyl groups of one mole- 
cule may unite with amino groups of another to form links between units. 

This bonding of the protein to form an elastic membrane requires some 
time, even if the hsrdrogen-ion concentration is favorable. The initial 
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step of protein spreading is a fluid surface film. However, its condition 
need not be tbe same as the condition of the films that remain liquid a 
long time on acid solution. There the average thickness of the film, com- 
puted from area per milligram, implies an extensive change of molecular 
structure. In the first stage of spreading a film could be fiuid with no 
change of molecular structure at all, — ^being in fact a thin layer of almost 
unchanged protein solution. For example, the average amount of protein 
solution used per film in these experiments was 0.08 ml., which would cover 
the area usually available (14 x ^ cm.) to the depth of 2 X 10-* cm. This 
is 500 times the diameter, 40 A., of a small protein molecule in solution. 

The conception of the process of protein spreading as having two steps, 
(f) distribution as a layer of protein solution and ( 8 ) adsorption to the sur- 
face, with change of molecular shape and possible new linkage, permits 
an explanation of some of the methods of securing quantitative spreading. 
On acid solutions, or on others on which the film remains fluid, quantitative 
spreading is readily secured. Here the adsorption of a small amount of 
protein can bring about the distribution of the whole by forces con- 
ventionally described as surface tension. Although the adsorbed protein 
molecules are altered in structure and become insoluble, they are not 
bonded together and so offer no obstacle to continued spreading. When 
an elastic membrane is formed, however, it tends to restrain the dis- 
tribution and prevent full spreading of the part of the protein solution last 
applied. Alcohol acts to prevent this by accelerating the first step, — 
distribution as solution. To some extent, the effect of increasing the 
electrolyte content of the subsolution may be the same, by increasing the 
surface tension difference. However, it is possible that the electrolyte may 
also act to favor adsorption of the protein to the surface, and promote 
spreading more by lowering the surface tension of the protein solution 
than by increasing that of the clean surface. 

SUMMARY 

1. The surface viscosity of unimolecular layers of proteins and other 
substances has been determined, subject to the fulfillment of certain con- 
ditions, from the damping of a vane oscillating in the film. This method is 
particularly useful in working with substances like proteins which form 
rigid films. 

2. A quantitative index of surface elasticity is obtained from the short- 
ening of the period of the oscillating vane. This effect is not due merely 
to the sweeping action of the vane but is related to the intrinsic elastic 
properties of the film materials. 

3. Expressions relating the surface viscosity and elasticity to the length 
of the vane are given. 

4. The pH of the subsolution is found to be an important factor in de- 
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termining the viscosity and elasticity of a protein film. The pH de- 
pendence of rapid bond formation within the film suggests that these links 
are ionic. 

5. Quantitative spreading into the unimolecuiar film is observed when 
the processes which bring about distribution of the film substance precede 
or overbalance the restraining tendencies of rapid bond formation. 

The author is much indebted to Professor F. 0. Schmitt for aid and ad- 
vice throughout the course of this work. 
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For substances whose vapors consist of an equilibrium mixture of 
monomer and polymers, such as the carboxylic acids and hydrogen fluoride, 
it is known that a plot of the logarithm of the vapor pressure against the 
reciprocal of the absolute temperature is approximately a straight line, 
that to obtain an agreement between the measured heat of vaporization 
and that calculated from the Clausius-Clapeyron equation the calculated 
value must be taken for the apparent molecular weight in the vapor, and 
that for equations involving Raoult’s law, such as those for molal boiling 
point rise or freezing point lowering, this same apparent molecular weight 
must be used. 

In view of the complexity of the vapors it is surprising that Raouit’s 
law in a simple form can be used and that the heat of vaporization per 
apparent molecular weight of vapor, as calculated from the Clapesrron 
equation, is approximately constant over a considerable temperature 
range. An explanation of these facts has sometimes been given on the 
assumption that the liquid consists of the same molecular species as the 
gas and in the same proportions. This assumption is obviously incorrect, 
as the high internal pressure in the liquid would certainly displace the 
equilibria in the direction of the higher polymers. 

An analytical treatment of these problems is presented. This is accom- 
plished without making any assumptions as to the nature of the liquid, 
the molecular species present in it, or its apparent molecular weight. In 
fact, it follows that these laws are powerless for investigation of the nature 
of the liquid. 

THE VAPOB PBESSURE CXJBVB AND HEAT OP VAPOBIZATION 

Let US consider a liquid. A, whose vapor is composed of a monomer and 
m — 1 polymers of degree from 2 to m. If pi is the partial pressure of 
Ai, its mole fraction in the vapor is pt/P, where 

m 

1 

901 


( 1 ) 
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The heat required to form 1 mole of A< in the vapor from the liquid can 
be calculated from the equation 

d In Pi ^ -Li 
d(l/r) R 

(assuming the perfect gas law for each species). L, the heat necessary to 
vaporize enough of the liquid to form 1 mole total of the vapor in equi- 
librium at pressure P, is then 

L ^ Li ^ (3) 

Dividing by R, changing sign, and substituting from equations 2 and 1 

—L _ dlnP 

~R ~ dO/r) ^ ^ 

The heat calculated from the vapor pressure curve is evidently that necei-- 
sary to produce 1 mole total of the molecular species in the vapor at any 
particular temperature and at the pressure given by the vapor pressure 
at that temperature. 

Let us now examine the conditions under which L will remain constant 
over a large range of temperature. If z is the apparent molecular weight 
of the vapor divided by the simple formula weight, 

.-Sf (« 

1 

If AHi is the heat of dissociation in the vapor from 1 mole of pol 3 uner, 
i, to the monomer, 

Li = iLi — AHi ( 6 ) 

In order to express L in terms of a given L< and AHi, either of two as- 
sumptions may be made. The vapor may consist of only two species in 
appreciable quantities, which is equivalent to the statement that one 
Affi is large relative to all other AHi% or the vapor may consist of many 
polymers but related in the way that chains of different lengths are related. 
In the latter case 


AH, = (t - 1)AH, (7) 

By the use of either of these assumptions and equations 5, 6, and 3, 

L = zLi-H— AH,‘ 


( 8 ) 
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From this it is easily found that the condition for L to remain constant 
over a temperature range neglecting the difference in heat capacity of 
reactants and products and its change with temperature is that 

L = Lx = ^ (9) 

t — 1 
TABLE 1 


Values of z for acetic acid and hydrogen fluoride 


ACETIC AaO 

HYDROGEN FLUORIDE 

Temperature 

« at P ( ■■ vapor 
preeauro) 

Reference 

Temperature 

*at P (» vapor 
pressure) 

Reference 

•c. 



•c. 



30 

1.810 

(6) 

-55 

3.98 

(5) 

40 

1.783 

(6) 

-45 

4.11 

(6) 

50 

1.833 

(8) 

-39 

4.37 

(11) 

60 

1.792 

(8) 

-34.6 

4.27 

(5) 

70 

1 1.759 

(8) 

-21.5 

4.17 

(5) 

80 

1.733 

(8) 

-21 

4.08 

(11) 

90 

1.713 

(8) 

-12.4 

3.87 

(6) 

100 

1.698 

(8) i 

j -10 ! 

3.71 

(11) 

no 

1.687 

(8) 

! 0 0 

3.69 

(5) 

120 

1 .677 

; (8) 

4.4 

3.51 

(5) 

130 

1 .672 

1 (8) 

5.3 

3.46 

(11) 


TABLE 2 


Values of L\ — (AHt/i) for four substances* 


COMPOUND 

j 

APPARENT 

L 

L\ 



L 

HOlECULaR 





WEIGHT 

Calcu* 

1 Expert- 



t 

i 



lated 

mental 





ctUories per 
mole 


calortee per gram 




(HF),. , 

6150 (5) 

64 (5, 11) 

96 

97 (10) 

7,400 

40,000 (11) 

800 

(CH,COOH)j. 

9400 (8, 13) 

101 (13) 

93 1 

97 (2) 

12,200 

16,400 (6) 

4000 

(HCOOH), . 

8280 (4) 

72(4) 

114 I 

116 (4) 

10,400 

14,000 (3) 

3400 

(NO,), 

8000 (7) 

80 (12) 

100 

94 (1) 

10,800 

14,600 (12) 

3500 


* All values are at the normal boiling point. The numbers in parentheses are 
references to the literature. 


When this is considered in connection with equation 4 and the fact that 

d In ifi AHi /.-V 

d(l/r) R ^ ^ 

it is seen that it is equivalent to the statement that z at a pressure of the 
vapor equal to the vapor pressure of the liquid is independent of tempera- 
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tore. Ill table 1 it is seen that this condition is approximately fulfilled 
for acetic acid and hydrogen fluoride. 

If the same number and kinds of bonds are broken when a mole of mono- 
mer is formed from the surface of the liquid as when produced by disso- 
ciation of the polymer, Li should equal Aff./i. Values of Li — i&Hi/i) 
should represent the difference in heat content between the formation 
of a mole of monomer from the liquid surface and its formation from the 
poljmaer in the vapor. This should roughly correlate the energy pre- 
serving the liquid state per mole of monomer. In table 2 values of 
Li — (Affi/i) are given for four substances. It is known that the surface 
tension of hydrogen fluoride (9) is relatively very small; this agrees, at 
least in principle, with this idea. Of course the values given here are the 
differences between numbers whose precision is not high. 

eaoult’s iaw 

Let us consider the addition at constant temperature of a solute to a 
liquid whose vapor consists of m polymers in equilibrium. The activity, 
Oj, of the i**" pol 3 Tner in the liquid may be defined in terms of the fugacity, 
/{, of that polymer in the vapor. 

^ ( 11 ) 

If Ni is the mole fraction of the f*** polymer, 

Oi = 1 when iV< = 1 (12) 

Let n< be the number of moles of polymer i and n, the number of moles 
of solute. The activity of the solute may be defined as 

o. = ^ (13) 

and 

(14) 

fit 

when n« — 0. From the general equation of partial molal quantities. 



( 16 ) 
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Differentiating equations 16 and 11 logarithmically we find that 

d In o, - _ d ln/< _ i d In 
dn, dn, j dn. 

If /, the total fugacity, is defined by 

t-»m 

f-^f. 

i-1 


(17) 


(18) 


it may be expressed in terms of /,• by substituting for its value in equa- 
tion 16. 


t-1 



(19) 


The change in/, may be found in terms of the change in /by differentiating 
equation 19, substituting for Ka its value from equation 16, and rear- 
ranging. 

d In// _ 1 d/ 

jdn, dn. (20) 

i-l 


By substituting for d In a,/dn, in equation 15 its value in equation 17 and 
then equation 20, we find 


*— m 

Z) ifk 




m 

Hifi 


dn. 


+ n. 


d In a, 
dn. 


= 0 


( 21 ) 


If we accept the experimental fact that da,/dn. is finite when n, = 0 and, 
since a, = kn, when n« = 0, for the addition of an infinitesimal amount 
of solute to the pure solvent, we find 

^ = constant (22) 

dn, n. 

As the second term of equation 21 becomes unity and since dn, = n. for a 
sufficiently dilute solution, 




( 23 ) 
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This may be simplified for the case where the fugacity of each polymer is 
related to its partial pressure in the vapor by the same proportionality 
constant. 


df _ dP 
Z tA Z *P< 
From equations 5, 23, and 24 

dP zn. 





(24) 


(26) 


The very striking fact is now evident that the ratio dP/P is independent 
of the molecular species assumed to be present in the liquid, since 

t—m 

•-1 


is always equal to the total number of moles of monomer that could be 
obtained regardless of the extent of pol3nneri2ation. The second term of 
equation 25 is equal to the mole fraction of solute, computed as though 
the liquid had the same molecular weight as its vapor, which for complex 
vapors is the apparent molecular weight. Hence 

^ = -N. (26) 


This equation has been derived for the limiting case in which the fugacity 
of each polymer is related to its pressure by the same proportionality 
constant. This, however, is to be expected, because of the inherent chem- 
ical similarity of the different polymers. 

By combining the Clausius-Olapeyron equation (4) with the modified 
expression for Raoult’s law (26), we finally arrive at exactly the same 
expression for the molal elevation of the boiling point which applies for 
non-polymerized substances. 


Ki = 


Rr 


RT^ 


1000 “ I 1000 
zM 


(26) 


(Af s molecular weight of monomer; I = heat of vaporization per gram.) 

If the assumption can be made that a liquid consists almost exclusively 
of one species of polymer, then some modification of Trouton’s or similar 
rules and also of the law of corresponding states must be made. The 
boiling point must be taken as that temperature where the partial pressure 
of that polymer in the vapor is 1 atmosphere. 
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SUMMABT 

Raoult’s law and the Clapeyron equation have been considered for the 
case where the vapor of the substance consists of a monomer and any 
number of polymers. Raoult’s law is shown to be independent of the 
nature of the liquid and to depend upon the determined apparent molec- 
ular weight of the vapor. It is simple in form and can be readily applied 
to equations for boiling point rise, etc. An explanation is given for the 
relatively straight line obtained when the logarithm of the vapor pressure 
is plotted against the reciprocal of the absolute temperature for substances 
such as acetic acid and hydrogen fluoride. 
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The Aginq of Oktho Fehbic Hydroxide in the Absence and Presence 
OF Divalent Ions in Ammoniacal Medium* 
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Minneapolis, Minnesota 

Received March 19S9 

In a previous study (2) from this laboratory it was shown that the 
adsorption of copper from ammoniacal medium on ortho ferric hydroxide 
decreased relatively slowly when the precipitate was aged in the presence 
of ammonia at room temperature and much more rapidly when the aging 
was carried out at 98°C. However, when the aging was carried out at 
room temperature in the presence of copper the amount of this ion removed 
from the solution increased very slowly, and much faster when the aging 
was carried out at 98°C. 

In the present study the effect of various other divalent ions upon the 
aging of ortho ferric hydroxide has been investigated. For materials used 
and methods of analysis reference is made to a previous study (3). 

experimental 

The precipitates were formed in the absence and presence of divalent 
ions at room temperature, and were aged in ammoniacal medium in the 
presence of divalent ions. 

In general, the experiments were carried out in the following manner: 
(o) In the coprecipitation experiments the ammonia was added at room 
temperature to a mixture consisting of 25 ml. of 0.1 M ferric chloride, 25 
ml. of approximately 0.08 M divalent ion, and the specified amount of 
ammonium chloride. The suspension was diluted to 100 ml. with distilled 
water, allowed to stand for the specified time at either room temperature 
or at 98°C., and filtered; the filtrate was analyzed. (6) In the adsorption 
experiments the ammonia was added to the ferric chloride solution at room 
temperature, the divalent ion was added immediately, and the suspension 
was then treated as in the coprecipitation experiments. 

* This article ia baaed upon a thesis submitted by L. G. Overholser to the Graduate 
School of the University of Minnesota in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, June, 1938. 
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The concentration of the divalent ion was approximately 0.02 M after 
diluting to 100 ml. Blanks were run which showed that it made no ap- 
preciable difference whether the suspension was shaken continuously or 
merely allowed to stand with occasional shaking. The experiments per- 
formed at 98°C. were carried out either in pressure flasks or in tightly 
stoppered 125-ml. Erlenmeyer flasks of Pyrex glass. Suitable blanks 
showed that no loss of ammonia or of the divalent ion occurred during the 
heating. 


TABLE 1 

Aging of ortho ferric hydroxide precipitated at room temperature in ammoniacal medium 
in the presence of zinc {approximately O.Ot M) 


Ammonia concentration, 0.900 M 


CONCSN- 
TBATION OF 
AMMONIUM 
CHLORIDE 

TIME OF AOINO 

TEMPERATURE OF AGING 

ADSORPTION OF ZINC 

COPRBCIPITATION OF ZINC 

Zinc 

adsorbed 

Zinc 

adsorbed 

per 

Zinc copre- 
cipitated 

Zinc oopre- 
oipitstM 
per gram 
of FeaOi 

molar 



per cent 

millimolee 

per cent 

millimcloi 

0.077 

7 min. 

Room temperature 



18.3 

2.06 

0.077 

15 min. 

Room temperature 



17.6 

1.98 

0.077 

40 min. 

Room temperature 

11.8 

1.32 



0.077 

1 hr. 

Room temperature 



16.4 

1.84 

0.077 

12 hr. 

Room temperature 



16.1 

1.81 

0.077 

2 days 

Room temperature 

13.0 

] 46 



0.077 

7 days 

Room temperature 

13.5 

1.51 

15.8 

1.78 

0.077 

44 days 

Room temperature 

14.1 

1.59 

15.1 

1.70 

0.077 

5 min. 

98‘’C. 



19.9 

2.23 

0.077 

15 min. 

98°C. 



24.1 

2.70 

0.077 

40 min. 

98^C. 

24.3 

2.73 



0.077 

1 hr. 

98*^0. 



28.3 

3.18 

0.077 

2 days 

98®C. 

47.1 

5 28 

52.4 

5.88 

1.75 

11 min. 

Room temperature 



2.4 

0.27 

1.75 

24 hr. 

Room temperature 


1 

2,4 

0.27 

1.75 

15 min. 

98®C. 



0 

0 

1.75 

24 hr. 

98°C. 



0.8 

0.08 


Similar experiments were also carried out in 1.80 Af ammonia and 0.077 M and 1.75 
JIf ammonium chloride. The results were comparable to the above (see thesis of 
junior author). 


In tables 1 to 5 the heading “adsorption” means that the divalent ion 
was added after the precipitation of the ferric hydroxide; “coprecipitation” 
denotes that the divalent ion was added prior to the precipitation. 

In the case of manganese only a few short-time experiments were per- 
formed. In 0.003 M ammonia and 1.50 M ammonium chloride the ad- 
sorption after 8 hr. wm practically unchanged (24.3 to 25.5 per cent); 
coprecipitation decreased from 28.5 to 26.7 per cent. 
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TABLE 2 

Aging of ortko ferric hydroxide precipitated at room temperature in ammoniacal medium 
in the presence of nickel {approximately OM M) 

Concentration of ammonia, 0.900 M 


CONCEN- 
TRATION OP 
AlfMONIUM 
CHLORIDE 

TIME OP AOIl 

molar 


0.077 

6 min. 

0.077 

1 hr. 

0.077 

1 day 

0.077 

7 days 

0.077 

30 days 

0.077 ! 

30 min. 

0.077 

35 min. 

0.077 

6 hr. 

2.00 

30 min. 

2.00 

35 min. 

2.00 

5 hr. 


TEMPERATURB OP AOINO 


Room temperature 
Room temperature 
Room temperature 
Room temperature 
Room temperature 
98°C. 

98°C. 

98°C. 

98 *^ 0 . 

98’C. 

98X\ 


ADSORPTION OP NICKEL 


Nickel 

adsorbed 

Nickel 
adsorbed 
per gram 
of FesOa 

per cent 

millimoles 

9.4 

0.93 

11.5 

1.14 

12.9 

1.29 

13.6 

1.36 

14.7 

1.47 

36.0 

3.60 

54.1 

5.40 

1.3 

0.13 

2.2 

0.21 


COPRBCIPITATION OP 
NICKEL 


Nickel 

copre- 

cipitated 

Nickel 
copre- 
cipitated 
per mam 
of F^a 

per cent 

millimoles 

14.3 

1.43 

14.8 

1.47 

15.1 

1.50 

15.8 

1.57 

15.8 

1.58 

39.4 

3.93 

51.1 

5.09 

1.4 

0.14 

1.8 

0.18 


TABLE 3 

Aging of ortho ferric hydroxide precipitated at room temperature in ammoniacal medium 
in the presence of cobalt (approximately O.OB M) 

Concentration of ammonia, 0.900 M 


CONCEN- 1 
TBATION OP 
AMMONIUM 
CHLORIDE 

TIME OP AOINO 

TEMPER VTURE OP AOINO 

ADSORPTION OF COBALT 

COPRBCIPITATION OP 
COBALT 

Cobalt 

adsorbed 

Cobalt 
adsorbed 
per gram 
of FetOa 

Cobalt 

copre- 

cipitated 

Cobalt 
oopre- 
cipitated 
per gram 
of FeiOi 

molar 



per cent 

millimoles 

per cent 

mUlimo es 

1.00 

10 min. 

Room temperature 

11.0 

1.12 

17.4 

1.78 

1.00 

40 min. 

Room temperature 

15.2 

1.56 

18.6 

1.89 

1.00 

1 hr. 

Room temperature 

19.2 

1.96 

19.6 

1.99 

1.00 

1 day 

Room temperature 

22.7 

2.32 

22.2 

2.26 

1.00 

7 days 

Room temperature 

25.4 j 

2.60 

23.6 

2.39 

1.00 

30 min. 

98°C. 

32.7 1 

3.35 

32.8 

3.34 

1.00 

5 hr. 

ora 

56.0 

5.73 

58.5 

5.95 

2.00 

40 min. 

Room temperature 

7.3 

0.75 

12.3 

1.25 

2.00 

30 min. 

98"C. 

18.9 

1.94 

19,1 

1.94 

2.00 

5 hr. 

98*^0. 

33.0 

3.38 

34.4 

3.48 
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TABLE 4 


Aging of ortho ferric hydroxide precipitated at room temperature in ammoniacal medium 
in the presence of magnesium {approximately O.Oi M) 

Concentration of ammonia, 0.900 M 


COMCBN* 
TRATION OF 
AIIMONIUIC j 
CHXiOBIDB 

TIMB txr AOXNO 

TBMPBRATURB OF AOINQ 

ADSORPTION OF 
MAONBSIVll 

COPRBaPITATION OF 
MAaNBSlUM 

Magnesium 

adsorbed 

Maaneeium 
adsorbed 
per jnram 
of FesOs 

1 

Maanesium 

copre* 

oipitated 

Maanesium 
oopre- 
cipitated 
per fi^am 
ofFesOa 

motor 



per cent 

millimolee 

per cent 

millxmolee 

1.00 

5 min. 

Room temperature 

10.6 

1.12 

15.1 

1.57 

1.00 

1 hr. 

Room temperature 

12.2 

1.30 

16.0 

1.67 

1.00 

7 days 

Room temperature 

14.9 

1.59 

16.0 

1.67 

1.00 

40 min. 

QS^C. 



13.9 

1.45 

1.00 

2 hr. 

98®C. 



13.9 

1.45 

1.00 

1 day 

98®C. 

13.0 

1.38 

12.1 

1.26 

2.00 

10 min. 

Room temperature 



11.5 

1.20 

2.00 

1 hr. 

Room temperature 



11.0 

1.14 

2.00 

1 day 

Room temperature 



10.6 

1.10 

2.00 

7 days 

Room temperature 



9.0 

0.93 


TABLE 5 

Aging of ortho ferric hydroxide precipitated at room temperature in ammoniacal medium 
in the presence of calcium {approximately O.OB M) 

Concentration of ammonia, 0.900 M 


COKCBN- 
TRATION OF 
AlCMONXUlf 
OBLORIDB 

TIME or AQINO 

TBMPKRATURX OF AQINO 

ADSORPTION OF 
CALCIOM 

COPRSCIPITATION OF 
CALCIUM 

Calcium 

adsorbed 

Calcium 
adsorbed 
per jram 
of FetOs 

Calcium 

oopre> 

cipitated 

Calcium 
eopre- 
cipitated 
per gram 
of 

motor 



per cent 

milUmolee 

per cent 

miltimoUe 

0.077 

40 min. 

Room temperature 

19.0 

1.90 

20.8 

2.07 

0.077 

3i hr. 

98®C. 

0.4 

0.04 



0.077 

2i hr. 

98®C. 



8.2 

0.82 

1.00 

5 min. 

Room temperature 

12.2 

1.22 

12.9 

1.29 

1.00 

1 hr. 

Room temperature 

12.7 

1.27 

12.9 

1.29 

1.00 

7 days 

Room temperature 

10.7 

1.06 

10.6 

1.05 

1.00 

3} hr. 

98®C. 

2.0 

0.20 



1.00 

2h hr. 

98®C. 



5.4 

0.53 


Coprecipitation at 98°C., followed by aging at 9S^C. 

In these experiments the mixture of ferric chloride and divalent metal 
was heated to 98°C., the ammonia added, the suspension diluted to 100 
ml., aged at ^°C., filtered, etc. 

In general, the results obtained were comparable to those obtained when 
cc^recipitation was carried out at room temperature, thou^ the rate of 
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increase of coprecipitation on a^ng at OS^C. was somewhat less for the 
precipitates formed at 98®C. than at room temperature. A few represent- 
ative values for changes occurring on aging are listed: Zinc increased from 
17.7 to 40.2 per cent after heating for 20 hr. in 0.900 M ammonia and 
0.098 M ammonium chloride. Nickel increased from 18.7 to 34.9 per cent 
after heating for 30 min. in 0.900 M ammonia and 0.097 M ammonium 
chloride. Cobalt increased from 19.7 to 30.9 per cent after heating for 



Fio. 1 . Aging of ortho ferric hydroxide formed at room temperature in ammoniacal 
medium in the absence of divalent metal ions. The aging is measured by the de> 
crease in adsorption of the divalent ions and of Niagara Sky Blue. Curve I, de- 
crease in adsorption of zinc ion by ortho ferric hydroxide aged at room temperature 
in 0.090 Af NHi 0.103 M NH 4 CI; curve II, decrease in adsorption of zinc ion by 
ortho ferric hydroxide aged at room temperature in 0.70 M NH| + 0.10 M NH 4 CI; 
curve III, decrease in adsorption of nickel ion by ortho ferric hydroxide aged at room 
temperature in 0.005 M NHj -f 0.08 M NH 4 CI ; curve IV, decrease in adsorption of 
methylene blue by ortho ferric hydroxide aged at room temperature in 1 Af NH* + 
0.1 M NH 4 CI; curve V, decrease in adsorption of Niagara Sky Blue by ortho ferric 
hydroxide aged at room temperature in 1 ilf NHg + 0.1 M NH 4 CI ; curve VI, decrease 
in adsorption of zinc ion by ortho ferric hydroxide aged at 98®C. in 0.012 M NH* 
4 * 0.156 M NH 4 CI; curve VII, decrease in adsorption of nickel ion by ortho ferric 
hydroxide aged at room temperature in 1.45 Af NH* + 0.124 M NH 4 CI. 

30 min. in 0.900 M ammonia and 1.00 Af ammonium chloride. Magne- 
sium showed very little change, increasing from 12.1 to 12.6 per cent after 
2 hr. of heating in 0.900 M ammonia and 1.00 Af ammonium chloride. 

Aging of the ortho ferric hydroxide formed at room temperature in, ammoniacal 
medium in the absence of divalent metal ions 

In these experiments the ammonia was added to the ferric chloride at 
room temperature, following which the precipitate was allowed to age in 
solutions of ammonia and ammonium chloride of specified concentraticms 
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for various periods of time at either room temperature or 98°C. At tiie 
end of the aging period, the divalent ion was added, the suspension made 
up to 100 ml., shaken for 40 min., filtered, and the filtrate analyzed. The 
results are given in figure 1, in which the aging is represented by the per- 
centage decrease in the adsorption of the divalent ions. The aging as 
measured by the adsorption of an acid dye, Niagara Sky Blue, is also 
included. 


Erperiments on ferrite formation 

The large amounts of zinc, nickel, and cobalt removed from solution 
during the aging of the ortho ferric hydroxide at 98°C. in ammoniacal 
medium in the presence of these metals suggested that some compound 
such as a ferrite was formed. Ferrites of the general formula MeO • FejO» 
of the above metals have been prepared, although no reference is made to 
their formation in ammoniacal solution. To determine whether or not 
such ferrites could be formed in ammoniacal medium, a number of experi- 
ments were performed in which the ortho ferric hydroxide was heated at 
98“C. for various periods of time and with different concentrations of zinc 
and nickel Equilibrium was never attained, the molecular ratio of MeO 
to FeiOa increasing with the time of heating and also increasing with in- 
creasing concentrations of the metals. Products were obtained in which 
the molecular ratio of zinc oxide to ferric oxide ranged from 0.92 to 2.53, 
and that for nickel oxide from 1.05 to 2.23. These results would show that 
no simple compound of the type MeO-Fe*Og was formed; probably either 
a ferrite of more complex composition results, or .zinc oxide and nickel 
oxide form solid solutions with ferric oxide. Since the heating was carried 
out in Pyrex glass flasks one product was analyzed for silica. The pre- 
cipitate was found to contain 1.28' millimoles of FejOj, 1.02 iqillimoles of 
NiO, and only 0.05 millimole of SiOg. The small amount of silica found 
shows conclusively that the large amount of nickel oxide in the precipitate 
cannot be attributed to the formation of some complex silicate. 

Aging of the ortho ferric hydroxide at indicated by dye adsorption 

The aging (A the ortho ferric hydroxide in ammoniacal medium was 
studied by determining the adsorption of an acid dye, Niagara Sky Blue, 
and a basic dye, methylene blue. The former was a purified product used 
in a previous study (5); the latter a product of high purity from the 
National Aniline and Chemical Company. Aqueous solutions of the dyes 
containing 1 g. per liter were used as stock solutions. All experiments 
with methylene blue were performed in parafiSned bottles provided wilii 
paraffined cork stoppers to avoid adsorption of the dye by the glass. This 
precaution was not necessary in the experiments with Niagara Sky Blue. 

The dye concentration of the respective solutions was determined by 
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means of the Lange photoelectric colorimeter. Because of the intense 
color of the dye solutions, it was necessary to use a low concentration of 
dye in the measurements (0 to 3 mg. per liter). In the case of Niagara 
Sky Blue, Beer’s law was obeyed up to a concentration of 3 mg. per liter, 
but the results deviated greatly from it thereafter. A variation of the pH 
had a slight effect on the readings, necessitating the preparation of the 
standards in the same environment as the unknowns. Methylene blue 
did not obey Beer’s law even at low concentrations, so that the use of an 
empirical curve was required. The absorption by methylene blue was 
not affected by changes in pH, if the pH was greater than 3. 

Since the amount of dye adsorbed by the ortho ferric hydroxide depends 
on the pH of the solution ( 1 ), all experiments were performed in buffered 
solutions of known pH. The buffer solutions used were as follows: 


pH of 5: 
pH of 6 ; 
pH of 7: 
pH of 8 : 
pH of 9: 
pH of 10: 


25 ml. of 0.4 M NH, + 39.28 ml. of 0.4 M CH,COOH 
25 ml. of 0.4 M NHj + 26.43 ml. of 0.4 M CH,COOH 
10 ml. of 0.4 M NH«Cja,0, 

26.43 ml. of 0.4 M NH, + 25 ml. of 0.4 M CH,COOH 
39.28 ml. of 0.4 M NH, + 25 ml. of 0.4 M CH,COOH 
35 ml. of 1.624 M NH, + 10 ml. of 1 M NH 4 CI 


Prdiminary dye experiments 

In general, the specified volume of the above buffer solutions was intro- 
duced into a 100-ml. volumetric flask, 5 ml. of a suspension of ortho ferric 
hydroxide and the required volume of dye solution (containing 1 g. of 
dye per liter) were then added, and distilled water to make the volume 
100 ml. The suspension was allowed to stand with occasional shaking for 
1 hr., and centrifuged. Ten-milliliter samples were pipetted off and 
diluted to 1 liter with distilled water. It was found to make no difference 
whether the suspensions were shaken mechanically or occasionally. After 
24 hr. of standing or shaking the adsorption of both dyes was relatively 
3 per cent greater than after 1 hr. 


Effect of pH 

The adsorption of Niagara Sky Blue and methylene blue was determined 
at various pH values, using an initial dye concentration of 200 mg. per liter. 
The results are given in table 6 . 

The adsorption of Niagara Sky Blue attained a limiting value at a pH 
of approximately 6 and became negligibly small at a pH of 9, indicating 
that the isoelectric point of the hydroxide might be near the latter value. 
The adsoiption of methylene blue suddenly increased to an almost con- 
stant value when the pH became greater than 10. The latter behavior is 
due not to the effect of pH upon the adsorption but rather to a replacing 
cation effect, as shown in the following section. 
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Cation effect upon adeorption of methylene Hue 

The adsorption of methylene blue, using an original dye concentration 
of 200 mg. per liter, was determined in 0.1 M ammonia and in the latter 
containing different concentrations of various salts. It was also deter- 
mined in some buffers at different dilutions of the latter. The results, 

TABLE 6 


Adeorption of dyes by ortho ferric hydroxide 


MBOXUM 

pH 

▲DSOXPTXON or NIAGARA 

BKT BLUB 

AMORPnON or KSniTLBNB 
BLUB 


1 

mg. 

per emt 

mg. 

per eeni 

Buffer 

6 

10.0 

50.0 

0 

0 

Buffer 

6 

10.0 

50.0 

(0.20) . 

(1.0) 

Buffer 

7 

8.7 

43.5 

0 

0 

Buffer 

8 

3.9 

21.5 

0.50 

2.5 

Buffer 

9 

1.3 

6.5 

0.22 

1.1 

Buffer 

10 



0.80 

4.0 

0.04 M NH« 

10.9 



5.84 

29.2 

0.1 M NH, . . 

11.1 



6.03 

30.1 

0.2 M NH, 

11.3 



6.23 

31.1 

0.01 M NaOH 

12.0 



7.00 

35.0 

0.04ilfNaOH. . 

12.6 



6.52 

32.6 


TABLE 7 

Effect of ctdioru on adeorption of methylene blue 

eoeomton 



mg. 

per eefil 

0.1 ilf NH, 

5.39 

26.9 

0.1 Af NH, -f 0.1 Af NH 4 CI 

0.13 

0.6 

0.1 Af NH, + 0.1 M KCl 

1.79 

8.9 

0.1 Af NH, H- 0.1 Af NaCl 

1.49 

7.4 

0.1 M NH, -f 0.01 M NaCl 

5.00 

25.0 

1.0 Af NH, + 0.1 Af NH 4 CI 

0.52 

2.6 

0.1 Af NH, -h 0.01 Af NH 4 CI 

3.25 

16.2 

0.01 Af NH, + 0.001 Af NH 4 CI 

3.93 

19.7 

0.01 M NaHCO, + 0.045 M N»,CO, 

2.66 

13.3 

0,001 M NaHCO, + 0.0046 M NatCO, 

4.71 

23.5 

0.06 M NaHCO, + 0.02 M Na,CO, 

2.96 

14.8 

0.006 M NaHCO, -I- 0,002 M Na,CO, 

4.32 

21.6 


given in table 7, show the marked effect of salts such as sodium chloride 
in reducing the adsorption. Naturally, ammonium salts had a greater 
effect, as they changed the pH of the medium and in addilion exerted a 
replacing effect upon the adsorbed methylene blue cation. 

The adsorption of Niag^tra Sky Blue was not nfeasurably affected by 
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salts. The presence of 0.1 M sodium chloride or a dilution of the different 
buffer solutions had very little, if any, effect. 

Effect of dye concentration 

The adsorption of Niagara Sky Blue was determined at a pH of 6 at 
different dye concentrations. Constant values for the adsorption were 
found with a final dye concentration of 100 mg. per liter and greater. 

Effect of washing and centrifuging 

A suspension of ortho ferric hydroxide was washed three times with 
water by centrifugation and siphoning off the supernatant liquid. The 
amount of Niagara Sky Blue adsorbed by the product at a pH of 6 and a 
final dye concentration of 100 mg. per liter was found to be 47.1 per cent, 
compared to 50 per cent for an unwashed product. When washed with a 
buffer of pH equal to 6 instead of water, a value of 48.8 per cent was found. 
Although the washing and centrifuging had a slight effect on the adsorp- 
tion, it was not sufficiently great to prohibit the use of these operations in 
the subsequent experiments. 

Short-time aging in the “presence and absence of zinc 

In some of the aging experiments the dye adsorption was determined 
after the hydroxide had been in contact with a zinc salt solution. In 
order to test the effect of small amounts of zinc on the adsorption of the 
dye, the following experiments were run: One sample of the ferric hydrox- 
ide was aged for 40 min. at room temperature in a medium which was 0.1 
M in ammonium chloride, 1 ilf in ammonia, and 0.02 M in zinc sulfate. 
Another sample was similarly treated in a medium of 0.1 M ammonium 
chloride and 1 M ammonia. After the aging the precipitates were washed 
twice with a buffer of pH 6 and then with water. The adsorption of 
Niagara Sky Blue and methylene blue at original dye concentrations of 300 
and 200 mg. per liter and at pH values of 6 and 11.1, respectively, was then 
determined on the products as well as on an unaged product. For Niagara 
Sky Blue the adsorption was found to be 35 per cent for the unaged prod- 
uct, 31.5 per cent for the one aged in the presence of zinc, and 30.9 for 
the one aged in the absence of zinc. The corresponding values for meth- 
ylene blue were 33.2, 30.8, and 29.9 per cent. These results show that 
standing for a short time in the presence of zinc had very little effect. 
Aging occurred in both instances, but most of it may have taken place 
during the washing process. 

Aging of the ortho ferric hydroxide precipitated at room temperature in different 
media at room temperature and at 9Sf‘C. 

The procedure used in the experiments was as follows: 312 ml. of 0.1 M 
ferric chloride was precipitated at room temperature by the addition of 
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9.6 ml. of 9.70 M ammonia. The precipitate was washed chloride-free by 
centrifi^tion and decantation and then suspended in a volume of 500 

TABLE 8 


Aging of ortho ferric hydroxide formed at room temperature 


CONDITIONS OF AOINO 

ADSOBPTXON 
OP DTI PBB 
ORAif OP FeaOa 

PBBCSNTAOB 
DBCRBASB IN 
THS ADSORPTION 

RATIO 

OP 

N.S.B. 
TO lf.B. 
AD- 

SOB BBD 

Medium 

Time 

Tempers' 

ture 

N.S.B.* 

M.B. 

N.S.B. 

M.B. 

dO-min. old product 

fng» 

441 

mg» 

279 

per eeni 

per eeni 

1.58 

Water. . < 

O.lAfNH, < 

1 M NH, ^ 

0.01 M NaOH • 

1 M NH, + 0.1 M NH 4 CI . . 

1 M NH, -h 0.1 M NH 4 CI 
-h 0 . 02 MZnS 04 

41 hr. 

9 days 
30 days 

1 hr. 

41 hr. 

9 days 
30 days 

1 hr. 

41 hr. 

9 days 
30 days 

1 hr. 

41 hr. 

9 days 
30 days 

1 hr. 

40 min. 

41 hr. 

9 days 
30 days 

1 hr. 

40 min. 

41 hr. 

9 days 
30 days 

1 hr. 

R.T.t 

R.T. 

R.T. 

98°C. 

R.T. 

R.T. 

R.T. 

98*^0. 

R.T. 

R.T. 

R.T. 

98®C. 

R.T. 

R.T. 

R.T. 

98°C. 

' R.T. 
R.T. 
R.T. 
R.T. 
98®C. 

R.T. 

R.T. 

R.T. 

R.T. 

98‘^C. 

400 

356 

348 

257 

378 

319 

270 

213 

338 

200 

20 

191 

324 

143 

64 

143 

390 

360 

229 

118 

151 

397 

378 

336 

336 

232 

239 

231 

226 

187 

231 

214 

171 

160 

202 

124 

26 

141 

202 

108 

34 

151 

251 

222 

161 

92 

151 

259 

251 

237 

231 

171 

9.3 

19.3 
21.1 

32.5 

14.3 

27.8 1 

38.9 

44.1 

23.4 

54.6 

95.5 

50.0 

26.2 

67.5 

85.5 

62.4 

11.6 

18.4 

48.1 

73.3 

60.4 

10.0 

14.3 

23.8 

23.8 

39.2 

14.3 
17.2 

19.4 

25.5 

i 

17.2 

23.3 

38.7 

36.2 

27.6 

55.7 

90.8 

44.3 

27.6 

61.2 

87.9 

39.8 

10.0 

20.4 
42.3 

67.2 

39.8 

7.2 

10.0 

15.0 

17.3 

31.8 

1.67 

1.64 

1.54 

1.37 

1.64 

1.49 

1.58 

1.39 

1.67 
1.61 
0.77 
j 1.36 

1 1.60 
1.32 

1 1.87 
0.95 

1 1.66 
1.63 
1.43 
1.29 
1.00 

1.63 

1.61 

1.40 

1.41 
1.36 


* N.S.B. Niagara Sky Blue; M.B. — methylene blue, 
t Room temperature. 


ml. oi distilled water. Five-milliliter portions of this suspension were 
aged at room temperature and at OS^C. for definite period of time in 
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different media. After the aging period, the supernatant liquid was 
removed; the precipitate was washed with a buffer having a pH of 6 and 
finally with water. The adsorption of methylene blue and of Niagara 
Sky Blue was then determined in the manner previously described. The 
former was carried out in 0.1 M ammonia with an original dye concentra- 
tion of 200 mg. per liter, the latter in a buffer of pH equal to 6 and with a 
dye concentration of 300 mg. per liter. Five milliliters of the suspension 
contained 0.0238 g. of FetOs. 

The results are given in table 8, in which the adsorption of the two dyes 
after the aging at both temperatures is compared. The extent of the aging, 
as shown by the decrease in the adsorption of the dyes, is included and also 



Fio. 2. Aging of ortho ferric hydroxide as measured by decrease of adsorption of 
Niagara Sky Blue. Curve I, aged in 0.01 M NaOH; curve II, aged in 1 M NHi; 
curve III, aged in 1 M NHj + 0.1 M NH4C1; curve IV, aged in 0.1 M NH*; curve IV, 
aged in 1 Af NHi -t- 0.1 M NH4CI + 0.02 M ZnS04; curve VI, aged in water. 

plotted in figure 2. The ratio of the amount of Niagara Sky Blue to that 
of methylene blue adsorbed is also included. 

Dye adsorption on the ortho ferric hydroxide formed at 98°C. 

A mixture consisting of 130 ml. of 0.1 M ferric chloride and 2.5 ml. of 
6 M hydrochloric acid was heated to 98°C., and 10 ml. of 9.70 M ammonia 
was added. The suspension was cooled immediately, washed chloride- 
free, and suspended in 200 mi. of water. Ten-milliliter portions contain- 
ing 0.052 g. of FejOj were employed in the dye adsorption experiments, 
which were carried out in the same manner as the preceding ones. It was 
found that the amount of Niagara Sky Blue adsorbed per gram of FesOj 
was 263 mg., compared to 441 mg. for a product formed at room tempera- 
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ture. The corresponding values for methylene blue were 146 and 279 mg., 
respectively. 


DISCUSSION 

An examination of the results reported in tables 1 to 5 reveals that the 
adsorption of zinc increased slowly at room temperature on aging, whereas 
the coprecipitation showed a small decrease. On aging at 98‘’C. at a low 
ammonium chloride concentration, the increase of both the adsorption and 
coprecipitation was remarkably rapid. At a high ammonium chloride 
concentration, little change was noted when the aging was carried out at 
98°C. In the case of nickel, both the adsorption and the coprecipitation 
increased rather slowly at room temperature, but again a very rapid in- 
crease was found when the aging took place at 98°C. at a low anunonium 
chloride concentration. The results with cobalt show a rapid increase of 
coprecipitation on aging at 98°C., even at a high ammonium chloride con- 
centration. The values for magnesium changed very little on aging at 
either temperature. The adsorption and coprecipitation of calcium, on 
the other hand, decreased slightly on aging at room temperature and 
rapidly at 98“C. 

From the results in table 8 it is quite evident that the adsorbed divalent 
metals inhibit the aging of ortho ferric hydroxide at room temperature, 
but they do not prevent the aging. In addition it was noticed that the 
color of the fresh precipitate, which was dark brown, changed to a yellow- 
ish brown after aging for about a week or 10 days in ammoniacal medium. 
When the precipitate was aged at room temperature in the same medium 
containing zinc, no visible change of color was detectable even after 44 
daj^. At 98'’C. the aging was also inhibited by adsorbed divalent metals, 
although not as effectively as at room temperature. 

The increase in the adsorption and coprecipitation, particularly at 98°C., 
has to be explained by a chemical interaction between the adsorbed diva- 
lent metal oxide and the ferric oxide. The tendency to form ferrites de- 
creases in the order cobalt, nickel, and zinc. Under the experimental 
conditions used, magnesium does not seem to have a tendency to form a 
ferrite, although the adsorbed magnesium inhibits the aging of the pre- 
cipitate both at room temperature and at 98°C. Calcium behaved differ- 
ently from the other cations; on aging at room temperature a slight de- 
sorption occurred and a very marked one on aging at 98*^0. Apparently 
the adsorbed c^cium hardly inhibits the aging of the ferric hydroxide. 

When ortho ferric hydroxide was aged in the absence of divalent metal 
ions, the speed of aging was found to increase with increasing hydroxide- 
ion concentration of the solution (figures 1 mid 2, table 8). The rate of 
decrease of the surface was found to be greatest during the early stages of 
aging- 
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Krause and his coworkers (4) consider the aging of the ortho ferric 
hydroxide as a polymerization process. During the early stages of aging 
two molecules of the hydroxide react to form a pol 3 mierization product 
containing eight atoms of iron. 


>Fe— O- 


HQ/ 

OH OH 


OH OH 

-k— o 


OH 

k 


Fe — O — Fe=0 + 


HOv I 

>Fe— O— Fe— O— Fe— O— Fe=0 
HO/ 


-k 


HO\ 

>Fe-0-(Fe00H),-Fe-0 

HCK 


The chain can grow by the addition of more molecules of ortho ferric hy- 
droxide until an agglomerate containing forty to fifty atoms of iron is 
formed. According to this view the 


HO\ 

HCK 


Fe— 


group plays an active part in the polymerization process. The inhibit- 
ing effect of adsorbed divalent metals then might be attributed to the 
formation of complexes of the nature 

O 

/ \ 1/2 MeO\ 

Me Fe — 0 or ^Fe — O 

\ / HO / 

O 


by which the group active in the polymerization is made inactive. 


SUUMARY 

1. When ortho ferric hydroxide formed at room temperature was aged 
in ammoniacal medium in the presence of zinc, nickel, or cobalt, the amount 
of metal removed from solution increased slowly on standing at room 
temperature and rapidly when the hydroxide was aged at 98°C. at a low 
ammonium chloride concentration. The increase is attributed to forma- 
tion of a ferrite. When the ortho ferric hydroxide was aged in the presence 
of magnesium, little change was found in the amount of magnesium re- 
moved from solution at either temperature. Aging in the presence of 
calcium resulted in a slow decrease in the amount of calcium absorbed at 
room temperature, but aging at 98°C. gave a rapid desorption. 

2. Aging of the ortho ferric hydroxide in the absence of the metals 
resulted in a decrease in the adsorptive properties of the precipitate, as 
shown by a decrease in the amounts of divalent metal ions and dye ad- 
sorbed. The rate of this aging depended on the hydroxide-ion concentra- 
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tion. The aging was extremely slow in distilled water, more rapid in 1 
M ammonia, and most rapid in 0.01 M sodium hydroxide. The rate of 
aging at 98*^0. was found to be much greater than at room temperature. 

3. The aging of ortho ferric hydroxide was inhibited by the presence of 
zinc, nickel, cobalt, and magnesium in ammoniacal medium. The in- 
hibiting effect is attributed to a blocking of the hydroxyl group in the poly- 
merization of the ferric hydroxide. Calcium did not exhibit this inhibiting 
effect. 

4. Precipitates containing large amounts of zinc and nickel have been 
prepared. In some instances the ratio of MeO:FejO» exceeded 2:1. 

5. The adsorption of an acid dye, Niagara Sky Blue, and a basic dye, 
methylene blue, has been determined at various pH values. The amount 
of acid dye adsorbed increased with decreasing pH values, while the basic 
dye gave a reverse effect. It has been found that alkali ions repress the 
adsorption of the methylene blue cation. 
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From the work of Caspari (1), Feuchter (2), and others it is now well 
known that a large proportion of the hydrocarbon in unmasticated crude 
Hevea rubber diffuses into and is therefore soluble in petroleum ether or 
ethyl ether when the rubber is covered with these solvents and allowed to 
stand at room temperature. 

This soluble form of rubber has been termed “sol,” and the residue from 
a prolonged and repeated solvent extraction is known as the gel skeleton, 
which contains practically all of the protein and ash of the original rubber 
associated with the tough and gristly rubber hydrocarbon termed “gel.” 
It is apparent that the terms “sol” and “gel” rubber are somewhat in- 
definite, as they do not refer to definite fractions or to rubber having 
definite physical or chemical characteristics. 

From a purely colloidal viewpoint and by definition all rubber soluble 
by diffusion into a solvent is sol. However, we must recognize the in- 
distinct borderline between difficultly soluble sol and almost insoluble gel. 

The so-called sol rubber carefully prepared from acetone-extracted 
crepe by diffusion into petroleum ether forms a clear, colorless, and highly 
elastic substance upon evaporation of the solvent. It is almost pure hy- 
drocarbon*, since it contains less than 0.005 per cent nitrogen and 0.01 
per cent ash. Its unsaturation, as determined from its iodine value (3), 
corresponds closely to the theoretical value for (CjH<=)b. 

Up to the present time studies of sol and gel rubber have been largely 
qualitative and confined to crude rubber and to highly purified rubber from 
latex. This paper will describe a definite procedure designed to determine 
the proportion of sol and gel in crude rubber and in dried latex films by the 
use of a petroleum ether diffusion process. The influence of oxidation on 
the transformation of gel to sol has been studied by the use of this method. 
A search of the literature indicates that this field has not been previously 
invratigated. 

' Presented before the Division of Rubber Chemistry at the Ninety-seventh 
Meeting of the American Chemical Society, held in Baltimore, Maryland, April 
8-7, 1989. 

* Midgley (6) found from 0.02 to 0.04 per cent of combined oxygen in sol rubber. 
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BXPEBIMaNTAL PROCBDTTBB 

Fresh shipments of normal ammoniarpreserved latex obtained in sealed 
cans from two sources were studied. Latex A was shipped from the East 
in tank ships and drummed on arrival, while latex B was shipped in drums 
directly from the plantation. 

The solvent employed was petroleum ether, b. p. SS-SS^C., and the 
extraction temperature ranged from 20° to 25°C. The ratio of solvent to 
sample was kept between 3.4 and 3.8 g. of rubber to 250 cc. of solvent. 
Petroleum ether is preferred to ethyl ether, since it does not contain pei^ 


crystauzinc dishes 



Fig. 1. Extraction apparatus 


oxides which catalyze oxidation and it can be worked with more conven- 
iently. The thickness of the sample before treatment was 30 to 35 mils. 
In 't^e case of thick crq>e8 and smoked sheets the samples were cut into 
thin ribbons. 

The extraction was carried out in the apparatus shown in figure 1, em- 
ploying 250 cc. ai fresh solvent after each period of extraction. The sam- 
ples were placed in a rust-free iron basket, which fitted into the extraction 
chamber. At the end of each extraction period the solvent was mphoned 
off and evaporated to final dryness in a vacuum at 70°C.; the amount 
extract was we^ed. ’Dre samjfies were not previoudy extracted with 



SOL AND QEL KUBBER 


925 


acetone before treatment, since this is likely to result in oxidation of the 
hydrocarbon. The amount of soluble matter “resin,” extracted overnight 
at room temperature by a mixture of 2 parts of petroleum ether and 3 
parts of acetone, amounted to approximately 2.5 per cent for crepe and 
sheet and for dried latex film. The samples of latex films were dried on 
glass over phosphorus pentoxide in nitrogen at room temperature. In the 
extraction process the oxygen was displaced from above the samples by 
nitrogen. Every precaution was observed to avoid exposure of the latex 
and rubber samples to light and atmospheric oxidation. 


TABLE 1 

Extraction of sol from various types of unmilled crude rubber* 



0.6 hr. 

2.6 hr. 

4 hr. 

7 hr. 

24 hr. 

48 hr. 

72 hr. 

R.C.M.A. crepe (a)t 

6.8 

16.2 

19.5 

22.1 

28.0 

32.2 

35.1 

R.C.M.A. crepe (b)t 

5.0 

13.2 

16.4 

19.0 

24.0 

27.2 

29.2 

R.C.M.A. crepe (c)t 

4.7 

13.0 

16.3 

18.9 

24.1 

27.5 

29.6 

Water-white crepe 

5.9 1 

23.7 

35.0 

42.6 

51.9 

55.5 

57.3 

Yellow crepe 

5.7 

23.6 

34.3 

41.0 

50.5 

54.6 

56.5 

Purified crepe 

17.2 

47.8 

57.4 

62.2 

66.6 

68.5 

69.2 

No. 1 smoked sheet 

5.9 

13.8 

18.8 

24.1 

35.4 

44.5 

49.0 

No. lA smoked sheet} 

2.5 

5.4 

7.1 

9.1 

16.9 

24.2 

29.5 

No. lA smoked sheetf 

1.0 

2.5 

3.0 

3.6 

6.8 

10.2 

13.2 

Bolivian fine para 

2.0 

3.4 1 

4.4 

5.6 1 

10.6 

16.2 

20.6 


* The data are given aa the total accumulated extract in per cent of the original 
sample at the end of each period. 

t These samples were from the same bale, b and c were adjacent samples cut from 
the same sheet; a was cut from a different sheet, 
t 33.2 per cent extract after 96 hr. 

S Uncut specimen 110 mils thick. 


RESULTS 

Sol extract in crude rubber 

In order to standardize the method the first experiments were carried out 
on crude, unmilled rubber. These results are shown in table 1, and some 
of the data are plotted in figure 2. 

The choice of a 72-hr. extraction period is of course somewhat arbitrary. 
After 72 hr. the rate of extraction of finely cut samples or very thin sheets 
becomes very slow. If much longer periods are employed, extreme care 
to guard against oxidation must be taken to be certain that the added sol 
is not the result of oxidation. Furthermore, a portion of what we are now 
considering as gel may have a definite, although a low, solubility in pe- 
troleum ether. 
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It is seen that, in the case of crepe specimens cut from the same sheet, 
the extraction procedure is capable of a satisfactory degree of reproduci- 
bility of results. The effect of varying the thickness of one of the smoked 
sheets is to slow up the extraction considerably, and it results in a large 
decrease in the total extract after 72 hr. extraction. The extraction is not 
complete after 72 hr.; however, this period of time is considered sufficient 
to extract all but the difficultly soluble hydrocarbon. Different lots of 
crepe and smoked sheets were found to vary nearly 100 per cent in their 
content of sol rubber. The lowest value was found in the case of the 
Bolivian fine ball rubber. It appears that a 72-hr. extraction in accordance 
with the above procedure is an excellent method for determining the ratio 
of sol and gel in crude rubber. It is preferable to operate at a constant 



Fio. 2. Sol rubber content in crude rubber. Curve 1, water-white crepe; curve 2, 
European selected smoked sheet; curve 3, R.C.M.A. crepe; curve 4, Bolivian fine 
para ball. 

temperature and to cut the samples very fine in order to obtain the most 
accurate results. 


Sol rubber in dried latex jUme 

Experiments were conducted to determine the amount of sol rubber in 
dried rubber films from fresh shipments of anunonia-preserved latex and 
from the same latex exposed to oxidizing influences after receipt. 

The results presented in table 2 and plotted in figure 3 show that dried 
films of rubber from fresh commercial ammoniated normal latex contain 
only from 6.5 to 10 per cent extract after extraction for 72 hr. with pe- 
troleum ether. Upon ^cposure to air or lig^ or when creped on rolls the 
content of sol rubber increases in proportion to the severity of ;bhe oxidiang 
treatment. After correcting for the 2.5 per cent acetone extract, the 
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amount of sol rubber hydrocarbon from the carefully protected latex 
rubber ranges from 3 to 7 per cent. In other words, sol rubber appears to 


TABLE 2 

Petroleum ether extraction of dried rubber films from latex 


BUBBBR 


Latex A, fresh shipment 

Latex A after moderate exposure to airf 

Latex B, fresh shipment^ 

Latex B, fresh shipment^ 

Latex B after moderate exposure to airf. 

Latex Bi ... 

Latex Bi§ 

Latex B film heated 2 hr. at 80°C. in air 
Latex B film exposed to sunlight for 6 hr . 
Latex B film exposed 18 hr. under G.E. sun 
lamp . 

Latex B film creped through rolls If. . 


PEB CENT EXTRACTED AFTER 

0.5 hr. 

2.6 hr. 

4 hr. 

7 hr. 

24 hr. 

48 hr. 

72 hr. 

2.0 

CO 

3.8 

4.5 

6.4 

8.3 

10.0 

1.8 

3.1 

4.2 

5.0 

8.3 

12.5 

15.9 

1.9 

2.7 

3.0 

3.3 

4.4 

5.4 

6.4 

1.7 

2.6 

3.4 

4.0 

5.6 

7.2 

8.5 

2.3 

3.7 

4.4 

5.3 

9.1 

12.5 

15.6 

1.7 

2.5 

2.8 

3.0 

4.3 

4.9 

5.5 

0 2 

0.5 

0.7 

0.8 

1.7 

2.4 

3.0 

1.8 

3.1 

3.7 

4.4 

6.2 

7 7 

8.7 

1 7 

2.5 

3.0 

3.4 

5.1 

1 

7.5 

9.6 

2.2 

4.8 

5.8 

6.9 

11.1 

15.9* 

20.6 

11 6 

25.1 

32.0 

34.8 

39.3 

43.3 

47.8 


* The sample was taken on receipt. The drying and extraction were carried out 
in the dark and under an atmosphere of nitrogen. 

t After keeping the latex for a few weeks and intermittently exposing it to the air. 
t The sample was dried in the air and in the dark. 

§ After deducting the acetone-soluble portion. 

If Dried latex film rubber creped twelve times through even speed Callender rolls 
until it resembled plantation crepe. 



Fig. 3. Sol rubber in dried latex films. Curve 1, film creped twelve times through 
rolls; curve 2, film exposed 18 hr. under sun lamp; curve 3, film from latex exposed to 
air; curve 4, film heated 2 hr. in air at fiC’C. ; curve 5, film from fresh latex; curve 6, 
film from fresh latex prepared under oxygen-free conditions. 

be a product resulting from oxidation of the gel rubber, which apparently 
comprises practically all of the rubber in the latex particles. 
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To study the effect of the thickness of the latex film, latex Bi in a 31-mil 
film was compared with a finely cut 31-mil film and a 7-mil film. The 
results of extraction for 72 hr. were 2.9, 3.3, and 4.5 per cent, respectively, 
after correcting for the acetone extract. 

It appears that the intermittent exposure of latex to air involved in the 
opening of a sealed can is sufficient to cause an increase in its sol rubber 
content. Extra handling and exposure to air may account for the higher 
sol content in latex A as compared with latex B. In view of this it would 
be of interest to determine sol in freshly tapped latex when quickly dried 
out of contact with light and oxygen. An experiment of this kind, how- 
ever, would have to be carried out by those having laboratory facilities 
near the rubber-growing areas. A study should be made of the variation 
in sol content in latex from trees of var3dng age and environment under 
different tapping conditions as well as of the effect of adding ammonia and 
storing in drums. 

Effect of different eotverUe on extraction of rubber 

Since petroleum ether varies somewhat from lot to lot, the effect of using 
petroleum solvents having a variation in boiling range was determined. 
The results of this study are given in table 3 and show that small variations 
in the boiling range of petroleum ether do not affect the amount of extract 
from R. C. M. A. crepe, whereas the use of higher boiling ligroin increases 
the amoimt of extract considerably. 

The results in table 3 show that a small increase in the extract from dried 
rubber latex films results from employing higher boiling petroleum frac- 
tions. These extracts resemble gel rubber in toughness, so that one must 
keep in mind that sol rubber varies from a soft state up to the tougher gel 
and that its solubility becomes lower as it approaches the gel state. No 
sharp line of demarcation of course exists. 

The Use of ethyl ether and the longer extraction period employed by 
Pununerer, Andriessen, and Gundel (6) explains the relatively higher con- 
tent of sol rubber found by them. The high sol rubber content of purified 
rubber from latex found by Pummerer and coworkers is readily explained 
on the basis that oxidation of the gel component took place as a result of 
the purification treatment. The results on purified crepe in table 1 
confirm this view. Furthermore, the purified rubber obtained by the 
Pummerer alkali purification process is amber in color, the color being the 
result of oxidation. 

We have found that the sol rubber content determined by extraction 
with ethyl ether is higher than that found by employing petroleum ether. 
For example, dried latex films prepared from latex s^eral weeks old had a 
72-hr. petroleum ether extract of 16.9 per cent, whereas its ether extract 
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was 30.2 per cent when the same method of extraction was employed. 
It is well known that ether forms peroxides very readily, and it appears 
that the higher sol content found by employing ether is due to the oxidation 
of gel rubber to sol rubber by traces of peroxides almost always present in 
the ether or formed during the extraction process, owing to the fact that 
absolute exclusion of oxygen is not attainable. 

In figure 6 there is shown the effect of changing from petroleum ether to 
ethyl ether (distilled over sodium and containing 0.001 per cent of perox- 
ide) in the extraction of a dried latex film which had been exposed to air 
and contained a higher content of sol than usual. The increase in rubber 


TABLE 3 

Effect of different petroleum solvents on extraction of sol rubber from R.C.M.A. crepe 

and dried rubber latex film 



PER CENT EXTRACTED AFTER 


0.6 hr. 

2.5 hr. 

4 hr. 

7 hr. 

24 hr. 

48 hr. 

72 hr. 


Per cent extract of R.C.M.A. crepe 


Petroleum ether (b.p. 35-40®C.) | 

5.4 

14 7 

18.0 

20.7 

26.8 

i 30.7 

32.8 

Petroleum ether (b.p. 35-58®C.) 

5.4 

14.9 

18.1 

20.6 

26.5 

1 30.5 

32.8 

Petroleum ether (b.p. 40-58®C.) 

5.3 

14 4 

18.1 

21.0 

27.3 

31.4 

33.7 

Ligroin (b.p. 80-90°C.) 

5.3 

20.0 

27.0 

31.7 

38.5 

43.0 

45.7 


Per cent extract of latex rubber film* 


Petroleum ether (b.p. 35~58®C.) . 

1.7 

2.3 

2.7 

3.0 

4.1 

5.2 

6.2 

n-Hexane (b.p. 66-70®C.)t 

1.8 

3.0 

3.4 

3.8 

5.2 

7.3 

9.2 

Ligroin (b.p. 60-80®C.) .... 

1.8 

2.9 

3.3 

3.8 

5.2 

7.0 

8.8 

Ligroin (b.p. 80~90°C.). . 

1.8 

3.1 

3.6 

4.2 

6.0 

7.8 

9.7 


* Latex B, fresh shipment, 
t Skellysolve from Skelly Oil Co. 


extract appears to be due not to an increased solubility of rubber in ethyl 
ether but to oxidation, since the ethyl ether-soluble fraction upon removal 
of the ether is freely soluble in petroleum ether. The effect of extracting 
with ethyl ether containing 1 per cent of benzoyl peroxide is also shown in 
'figure 6. 

Considerable work following that which is recorded in this paper has 
shown that normal hexane (Skellysolve), boiling between 66° and 70°C., 
is a mo.'^ satisfactory solvent than petroleum ether for determining the sol 
rubber content. The sol content determined by the use of hexane is 
slightly higher than by the use of petroleum ether. The higher and nar- 
rower boiling range of hexane m^es it easier and safer to handle than 
petroleum ether. 
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Treaiment of latex with hydrogen peroxide 

Hydrogen peroxide is sometimes used to bleach dark<colored latex. 
At -the present time no test is employed to detect whether this or other 
chemical additions are injurious to the rubber in the latex. Table 4 gives 
the results of adding hydrc^en peroxide in 0.3 and 3.0 per cent concentra- 
tions to the latex and allowing the latex to stand 48 hr. at room tempera- 
ture after the hydrogen peroxide was added. It is seen that the addition 
of hydrogen peroxide results in a substantial increase in the sol rubber 
content. 


TABLE 4 

Effect of hydrogen peroxide on the sol rubber content of latex rubber 


Tina OP BXTBACnON 

PBB CBNT BXTBACT WITB PBTBOLBUM XTHBB 


Untreated latex* 

Latex containing 0.3 per cent HiOs 

Latex containing 
3.0 per cent HiOt 

Aour« 

0.5 

1.7 

1.6 

1.9 

2.0 

2.5 

2.3 

3.0 

3.2 

3.7 

4 

2.7 

3.7 

3.8 

4.5 

7 

3.0 

4.4 

4.5 

5.5 

24 

4.1 

6.9 

6.7 

9.8 

48 

5.2 

10.8 

11.0 

1 16.4 

72 

6.2 

14.6 

14.9 

24.0 


* Latex B dried in nitrogen over phosphorus pentoxide. 


TABLE 5 

Effect of manganeee and copper salts on the conversion of gel to sol rubber tn latex 


TIMX OP 
■XTBACrXON 

UNTBBATBD 

IiATBX 


PBB CBirr BXTBACTBD WITH PBTBOLXUll BTHBB 


0.1% Mn 
48 hr. 
contact 

0.1% Cu 

48 hr. 
contact 

0.1% Mn 

11 

contact 

0.1% Cu 

11 days 
contact 

0.3% Mn 

24 nr. 
contact 

0.3% Cu 

24 hr. 
contact 

Koun 

0.5 

1.7 

2.3 

2.2 

4.7 

2.5 

8.6 

3.1 

2.5 

2.3 

3.9 

4.0 

15.3 

5.3 

29.1 

8.6 

4 

2.7 

4.7 

5.0 

23.6 

7.6 

45.2 

12.9 

7 

3.0 

5.6 

6.4 

32.6 

10.7 

54.4 

20.0 

24 

4.1 

8.4 

11.4 

46.8 

20.2 

61.4 

37.5 

48 

5.2 

11.1 

17.0 

51.7 

27.1 

63.5 

44.5 

72 

6.2 

13.5 

22.7 

53.6 

32.0 

65.1 

48.4 


Conversion of gel to sol rubber by catalytic oxidation 

The effect of adding copper and manganese salts to normal latex was 
studied. Copper was added as copper sulfate in concentrations of 0.1 
and 0.3 per cent copper based on the latex. Manganese in the same con- 
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centrations was added as the hydroxide. The latex was shaken from time 
to time over various periods, and the sol rubber content determined by 
the method as outlined. The results are given in table 5 and plotted in 
fibres 4 and 5. The great activity of copper and manganese in catalyzing 
the conversion of gel to sol rubber by oxidation is evident. It is of interest 



Fig. 4. Effect of manganese on gel-sol conversion in latex. Curve 1, control; 
curve 2, 0.1 per cent manganese after 48 hr.; curve 3, 0.1 per cent manganese after 
11 days; curve 4, 0.3 per cent manganese after 24 hr. 



TIME IN HOURS 

Fia. 5. Effect of copper on gel-sol conversion in latex. Curve 1, control; curve 2, 
0.1 per cent copper after 48 hr.; curve 3, 0.1 per cent copper after 11 days; curve 4, 
0.8 per cent copper after 24 hr. 

to point out that even in the extreme cases of gel to sol conversion the latex 
film remained highly elastic. The sol rubber, however, in these cases was 
quickly converted to a viscous liquid when heated on the water bath and 
exposed to air, which resulted in further oxidation. 

It is interesting to note that manganese in both concentrations is more 
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active than copper, exo^t in the lower concentration for the diorteet 
period. 

Effect of mMing 

Kemp (4) has postulated that millii^ of rubber brings about a conversion 
of gel to sol rubber as a result of oxidation. The present work confirms 
this view. 

To show the effect of milling, R.C.M.A. crepe was masticated for 6 
min. on a cool laboratory mill. It was found that the total extract in 2.6 
hr. increases from 13.0 per cent in the unmilled crepe to 46.4 per cent after 
milling . Further extraction resulted in the rubber breaking up into small 
floes which were unavoidably siphoned off with the solvent, thereby making 



Fio. 6. Effect of ethyl ether on sol rubber extract 


it impossible to determine the amount of extract after longer periods of 
extraction. 

The results of milling are shown better in flgures 7 and 8, taken after 
1-g. cube-shaped samples of R.C.M.A. crepe from a 300-g. batch milled 
for various periods on a laboratory mill with cool rolls (opening 0.035 in.) 
were immersed in 100 cc. of petroleum ether for several days. The samples 
were re-photographed after they were lightly shaken by turning the tubes 
end-over-end a few times and the gel aggregates were allowed to settle. 
The hazy appearance of the solutions after shaking is due to the finely 
divided proteins and salts, which do not settle even after several weeks 
standing. This demonstration clearly shows that tiie gel is completely 
converted to sol after 10 to 20 min. of milling. Additional tests indicated 
that tbe conversion of gel to sol by milling 'v^ completed in less fhan 16 
min. Continued milling probably results in further oxidarion and break- 
down of the sol. 
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Fir,. 7. Kffoot of inillinj^ on ^cI-hoI conversion. 1, unmilled R.C.M.A. crepe; 2, 
milled 5 min. ; 3, milled 10 min. ; 4, milled 20 min. ; 5, milled .30 min. ; 6, milled 60 min. 



Fi(,. 8. HtTeet of milling on gel- sol conversion. Conditions same as in figure 7, 
except that the contents were* lightly shaken. 

Effect of various solvents on swelling 

Figures 9 and 10 show the swelling of 1-g. cubes of unmilled rubbers in 
100 cc. of various solvents after standing 6 days in the dark. The proxi- 
mate swelling and the sol rubber extract from 1-g. cubes of dried latex 
film rubber after the 6-day period in 100 cc. of different solvents are shown 
in table 6. 
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Fig. 9. Swelling of various types of unmilled raw rubber in petroleum ether. 1, 
purified crepe ; 2, No. 1 smoked sheet, 75.5 Mooney shear viscosity; 3, Xo. 1 smoked 
sheet, 92 Mooney shear viscosity; 4, Bolivian fine para; 5, dried latex film 



Fig. 10. p]ffect of various solvents on the swelling of dried latex film rubber, 1, 
carbon disulfide; 2, carbon tetrachloride; 3, benzene (line showing ton of swollen 
gel); 4, chloroform. 
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It is seen that the solubility of latex gel rubber is very low in various 
types of organic solvents. It is clear that the solubility and swelling of 
rubber depends on the nature of the rubber employed and the t 3 rpe of sol- 
vent used, and that one must therefore avoid generalizations in dealing 
with this subject. The literature on this subject is very confusing and 
sometimes misleading, since the nature of the rubber and the conditions 
of the experiments have not always been clearly defined. It is of interest 


TABLE 6 

ProwirrMe zoluhiliiy and swelling of whole latex rubber in various solvents* 


SOLTBHT aifPLOTBD 

▼OLUlfB 
or CLBAB 
ftOLUnOH 

TOLUMB or 
BWOLUDB OBL 

1 

BWBLX.IirO 

or OBI. 

BXniACT 

IN CLBAB 
SCBiUnOMf 


ce. 

CC. 

percent 

percent 

Petroleum ether 

85 

15 

1500 

3.4 

Chloroform 

82 

18 

1800 

4.9 

Bensene 

76 

24 

2400 

3.8 

Carbon tetrachloride 

60 

40 

4000 

2.4 

Carbon disulfide 

22 

78 

7800 

4.6 


* 1 g. of rubber in 100 cc. of solvent in the dark for 6 days at room temperature, 
t Shows the percentage of rubber soluble in solvents by diffusion. 


TABLE 7 

Swelling of various types of rubber in petroleum ether 


BAMILB 

SWBLUJVO 

73-bb. sol bubbbb 

aXTBACT 


percent 

percent 

Dried latex film 

1500 

5.5 

Bolivian fine 

1000 

20.6 

No. 1 smoked sheet* 

2400 

29.5 

No. 1 smoked sheetf 

1300 

54.8 

Purified crepe 

24001 

69.2 


* Mooney shear viscosity 92. 
t Mooney shear viscosity 75.5. 
t Loose gel structure. 


to note that, although the rubber in carbon disulfide is swollen to the point 
where the gel is like a thick cement, the clear carbon disulfide solution free 
from swollen gel contmns about the same amount of total diffused extract 
as is present in the other solvents. These observations show that gel does 
not diffuse appreciably into a variety of organic solvents. This fact defines 
rubber gel. 

The swelling of 1-g. cube-shaped samples of various types of rubber* 

* The samples of No. 1 smoked sheet and the Mooney shear viscosity values were 
given os by Dr. Gerke of the United States Rubber Company, whose courtesy is 
hereby gratefully acknowledged. 
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in pettoleum ether after standing in 100 cc. of petroleum ether in the dark 
at room temperature for 6 days is given in table 7, along with their 72-hr. 
sol rubber extract. The swelling was determined by measuring the vol- 
ume of the gel-free supernatant liquid and subtracting this from 100 to 
obtain the volume of the swollen gel, which is expressed as the increase 
in the volume of the original 1 cc. of rubber. It is apparent from these 
data that there is no relationship between the sol content and the extent 
of swelling. 

The addition of 6 cc. of piperidine to the fully swollen gel in 100 cc. of 
petroleum ether and also in 100 cc. of benzene resulted in a considerable 
shrinking of the gel in both cases upon standing. This is not in agreement 
with the literature (8). 


DISCTTSSION OF BE8ULT8 

This investigation indicates the value of the extraction method for 
studying the nature of the rubber in different lots of conunercial latex to 
determine whether the conditions of preservation, storage, handling, or 
chemical treatment have affected the hydrocarbon. 

It also appears from the present work that rubber in the form of latex 
is very susceptible to oxidation upon exposure to air, which results in an 
increase in its sol rubber component. It further becomes apparent that 
the treatment of latex and cot^ulum on the rubber estates in the process 
of making crepe and smoked sheet results in sufficient oxidation of the gel 
rubber in the latex particle to convert a considerable portion of it to the 
soluble state. Variations existing in estate practice undoubtedly account 
for the wide range of sol content found in crude rubber. 

Rubber which diffuses into petroleum ether is considered to be a molec- 
ular dii^ersion. The least soluble fraction contributes the greatest in- 
crease to viscosity and has the highest molecular weight. When unmilled 
crude rubber is placed in a hydrocarbon solvent and shaken in the absence 
of oxygen, the swollen gel is broken up and dispersed into small aggregates. 
A molecular weight determination of such a system by viscosity measure- 
ments may be somewhat indefinite, since only the gel portion of the rubber 
is not likely to be molecularly dispersed. 

Since sol rubber results from oxidation of gel rubber, it is quite logical 
to expect it to contain a small quantity of combined oxygen. The double 
bond present in each C(Hg group in the rubber polymers offers the oppor- 
tunity for oxygen addition as the moloxide or peroxide. Following this 
addition, rupture of the chain molecule can occur, leaving oxygen com- 
bined with both fragments. If the assumption is made that one molecule 
of oxygen splits a rubber molecule in two equal* parts this can be expressed 

* It is assumed only for convenience that the chain is sfdit in the middle. It could, 
of course, be split at any double bond. 
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by the following formula, assuming oxygen already combined at each end 
of the starting molecule. 

(cai«)*0. + O, 2[(C‘H,)«0,] 

and 

(C»H8)«0, + Os 2 [(C 6 H 8 ) »OtJ etc. 

The following oxygen contents calculated in the resulting products where 
n equals 10,000, 1000, and 100 are 0.005, 0.05, and 0.5 per cent, respectively. 
Midgley, Henne, Shepard, and Renoll (5) found by direct determination 
that sol rubber contains from 0.02 to 0.04 per cent of combined oxygen, 
which was increased to 0.44 per cent by milling. According to the above 
reaction mechanism a content of 0.04 per cent oxygen corresponds to a 
polymer having an average molecular weight of 80,000, which is of the 
same order as the average molecular weight found for sol rubber by the 
Staudinger viscosity method. Sol rubber oxidizes readily, and, if it re- 
acted with 0.4 per cent additional oxygen upon milling, it is not at all 
unlikely that its average molecular weight would be reduced from 80,000 
to about 8000. 

It is recognized that oxygen may play the r61e of a polymerization or 
gelling catalyst as well as a depol 3 mierization agent. Spence and Ferry 
(7) have recently found that sol rubber becomes insoluble when latex is 
treated with quinones. They attributed this to enhanced polymerization 
by linking the sol units with oxygen to form a gel. 

Some investigators have considered sol and gel hydrocarbons as existing 
in some sort of a physical equilibrium wherein it is possible to convert gel 
to sol and back again to gel. The present work shows that gel is converted 
to sol by an oxidation process which ruptures the gel hydrocarbon, produc- 
ing fragments of lower molecular weight with increased solubility in organic 
solvents. In this case the sol might be expected to contain more combined 
oxygen than the gel. On the other hand, it is possible to increase the sol- 
ubility of the latex gel hydrocarbon in petroleum ether by the addition of a 
polar solvent such as alcohol or acetone; this is probably the colloidal 
effect known as peptization. 

The mechanism of the reaction in which oxygen reacts with the gel hy- 
drocarbon to form sol is not known. The small combined oxygen content 
of sol rubber and its increase on milling, as shown by Midgley and his 
coworkers (5), is evidence, however, that the reaction involves addition of 
oxygen to the double bond, followed by splitting of the gel molecules. 

It cannot be decided on the basis of present evidence whether natural 
gel rubber is a single high pol 3 nmer chmn or fiber unit or whether there 
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exist cross-linking bonds between the long chains or fibers. Primary 
valence bonds existing between the polymeric chains would explain the 
swelling of gel rubber. The micellular theory involving associated bundles 
of fiber molecules held together by van der Waals forces has also been ad- 
vatused to explain swelling. More research is needed in this field to clear 
up the picture. 

It is now clear that rubber is subject to change from the time it flows 
from the wound in the tree. For this reason separate investigators are 
likely to reach different conclusions regarding the result of experiments on 
various lots of rubber latex or plantation grades, since the handling and 
processing of these materials involves many variables which are reflected 
in variations in the product. Aside from the variations in content of 
non-hydrocarbon constituents in latex and plantation rubber, the present 
work has shown that variations as regards the state of its hydrocarbon 
should be given greater consideration in the future. 

The prevailing conception that latex globules are made up of a semi- 
fluid sol rubber center surrounded by a tough elastic shell may be ques- 
tioned in view of the present work. The sol portion in crude rubber is the 
product from oxidation of the latex gel and is present in an amount which 
is dependent upon the extent of this oxidation. About 75 per cent of latex 
gel appears to be readily oxidized to sol, but the remainder requires a 
severe oxidative treatment such as milling to convert it to sol. This 
indicates that the hydrocarbon gel in latex may vary widely in molecular 
weight. The portion which is most difficult to break down would be 
expected to have the highest molecular weight. 

SUllUABY 

An apparatus and procedure to determine the amounts of sol and gel 
rubber in dried latex films and crude rubber have been described. 

It is shown that while plantation smoked sheet and crepe contain large 
and varying quantities of rubber soluble in petroleum ether, dried rubber 
films from latex are practically free from sol rubber when oxidation has 
been avoided. 

Latex increases in sol rubber content when subjected to various treat- 
ments permitting oxidation of the hydrocarbon. It appears from this 
work that the rubber in the form of latex is very susceptible to oxidation 
which, however, involves only minute quantities of combined oxygen. 

When latex film rubber is subjected to creping it shows an increased 
content of sol rubber corresponding to that of crepe. A short milling of 
crepe was foimd to convert it completely into sol rubber. This confirms 
the gel-sol transformation mechanism of breakdown. 

Gel rubber from dried latex films is swelled to a mawwuirn of <1500 to 
7800 per cent but is not dissolved when placed in benzene, chlorofonn, 
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carbon tetrachloride, or carbon disulfide and allowed to stand for several 
days. Gel rubber becomes soluble and therefore diffusible in these sol- 
vents as a result of oxidation. 

It was found that dried latex film and various types of crude rubber 
swelled to a maximum of 1000 to 2400 per cent in petroleum ether and 
that this swelling was not proportional to the sol content. 

This investigation strengthens the belief that sol rubber is an oxida- 
tion product of gel rubber. The fonnula for sol rubber is suggested as 
(CtH()nOs and a relationship between the molecular weight and the 
oxygen content is postulated on the basis that oxygen acts as a molecular 
splitting agent for both gel and sol. 
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The dilatometric method of determining bound water in soils, plant 
materials, and other colloidally dispersed systems has been employed by a 
number of investigators, notably Anderson and Williams (1), Bouyoucos 
(2, 3), Foote and Saxton (4), Jones and Gortner (8), Hampton (6), McCool 
and Millar (10), and Sayre (12). In the field of soils the pioneer work 
has been done by Bouyoucos (2) with an apparatus of his own design 
and under a considerable variety of conditions. 

In the course of an investigation to determine the changes in state of 
water in clays and soils when ^‘puddled, i.e., mechanically worked within 
a critical range of moisture contents (11), it was found that concordant 
results could not be secured by the dilatometric method unless the condi- 
tions were rigorously controlled. The method is subject to all of the errors 
inherent in the measurement of the volume of liquids. Unless the tem- 
perature of the capillary is held constant, the ordinary variations in room 
temperature will introduce errors of considerable magnitude because of the 
relatively high coefficient of expansion of the reference liquid. Minute 
fluctuations in the temperature of the freezing bath introduce uncertainty 
into the measurements. The absolute quantity of reference liquid in the 
freezing tube determines in considerable measure the magnitude of this 
uncertainty. The technique should permit easy and complete evacuation 
of air from the sample and the setting of the column in the capillary to 
any desired initial height. To fulfill these conditions a new apparatus 
has been perfected, a description of which forms the basis of the present 
paper. 


dbscription of the apparatus 

A sketch of the dilatometer is shown in figure 1. Its principal features 
are a freezing tube, a special ground joint, and a three-way stopcock. 

* Presented before the Division of Agricultural and Food Chemistry at the Ninety- 
sixth Meeting of the American Chemical Society, held in Milwaukee, Wisconsin, 
September 5-9, 1938. 
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The freezisg tube, unlike the one of 60-cc. capacity in Bouyoucos’ appa- 
ratus, was made elongated and slender to promote more rapid heat inter- 
change and hence more rapid freeeing. Its length below the ground joint 
is 11 cm. and its outside diameter 22 mm. Sample tubes are provided 
which are 10 cm. long and have an outside diameter of 18 mm. lliey will 
thus fit nicely into the freezing tube. These dimensions were chosen so 
that the tubes would conveniently hold about 25 g. of soil. The use of a 



Fig. 1. Sketch of the dilstometer saaembly 

smaller tube to introduce the sample is very advantageous. It makes 
possible the preparation of a large number of samples in advance and a 
simple and rapid replacement of a measured sample with a fresh one. The 
annular space between the two tubes serves as a jacket which, though filled 
with the r^erence liquid, acts as a check against too rapid or premature 
freezing. 

The ground joint was designed to have a taper corresponding to tiToming 
Na 24/40 and hence to be interchangeable. The male part, though iden- 
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tical with No. 24/40 in taper, differs from it in having a 1-mm. bore. The 
latter has a cone-shaped enlargement at the bottom to permit easy es- 
cape of air bubbles during the evacuation. 

The wide extension of the freezing tube above the ground joint is also a 
new feature. It is 9 cm. long above the joint and has an outside diameter 
of 4 cm. The obvious advantage of this elongation is to prevent leakage 
of the joint on contact with the freezing mixture. Unless so prevented, 
leakage is inevitable, since the stopcock grease, which must be toluene- 
proof, will of necessity be water-.soluble. The grease used for this purpose 
was prepared by heating a mixture consisting of 60 per cent anhydrous 
glycerol, 20 per cent mannitol, and 20 per cent dextrin nearly to boiling 
with constant stirring until uniform. The viscosity of this grease can 
be easily regulated by varying the proportion of glycerol. On cooling it 
sets to a sticky mass which is entirely insoluble in toluene. It affords a 
vacuum-tight joint and has the additional advantage that, when placed 
in the freezing bath, the viscosity increases and makes the joint even more 
secure. 

The extension gives the entire assembly somewhat greater sturdiness for 
handling. The hooks at the top make possible a firm attachment of the 
freezing tube by way of rubber bands stretched over the shoulder of the 
stopcock. 

The three-way stopcock used here is Coming No. 2065, having a 1-mm. 
capillary T-bore, so arranged that it makes possible three operations: 
(/) evacuation of air from the sample; (€) filling with toluene from the 
bulb at the upper end of the capillary; and (S) removal of excess toluene 
and setting of the column to any desired height. The last operation is 
performed only after the freezing tube and contents have attained the 
temperature of the freezing bath. We have also used three-way stopcocks 
in which the three side arms were at an angle of 120® with each other and 
in which the plug had a curved bore connecting only two arms at one time. 
This type possesses some advantage over the T-bore type. 

The tubes for measuring the expansion were carefully selected Pyrex 
capillary tubes of 1-mm. bore, so that a 50-cm. length had a volume of 
about 0.8 cc. The tubes themselves were not graduated. Instead, a 
special white porcelain scale was provided, with subdivisions similar to 
those of a Beckmann thermometer. This scale can be read to 0.2 mm., 
which corresponds to 0.0003 cc. in volume. Reference marks were 
etched on the capillary at the 0 and 50 cm. points. The capillary and 
scale,* together with a thermometer, were placed in an ordinary condenser 
jacket, so that this portion of the apparatus could be maintained at con- 
stant temperature by means of water circulating through it. When filled 

' The excellent work of the manufacturers, Rascber and Betzold, Inc., of Chicago, 
Illinois, in the construction of the gound joints and scales is hereby acknowledged. 
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with water, the jacket itself acts as a lens, magnifying the scale and making 
it very easy to read. At the upper end of the capillary, attached by way 
of a ground joint, is a thistle tube through which the reference liquid can 
be easily introduced. 

Originally a freezing bath consisting of crushed ice and salt, similar to 
that of Bouyoucos, was used. It was distressingly difficult to maintain 
the temperature of such a bath constant. To overcome this difficulty, a 
bath was designed in which the low temperature was produced by means 
of a i H. p. Lipman compression unit. The inside dimensions of this bath 
were 8 x 10 x 42 in. It was lined with copper, heavily insulated with 3-in. 
cork-board, covered with a Monel metal top similarly insulated, and filled 
with a calcium chloride brine. It was equipped with a thermoregulator, 
expansion valve and coils, and an efficient stirrer. The regulator was 
capable of maintaining the temperature to ± 0.1 “C. 

Except when the measurements were made over a scries of jacket tem- 
peratures, the jackets were maintained at 30®C. ifc 0.1®, by means of water 
circulating through them from a thermostat. For this purpose a Sargent 
circulating pump capable of giving a rate of flow of 4 liters a minute was 
employed. The entire assembly, which included three of the dilatometers 
as above described, made it possible to have conditions under positive 
control at all times and to speed up the measurements considerably. 

CALIBRATION OP THE APPARATUS 

Two calibrations are necessary before the apparatus can be used for 
determinations of bound water: (/) determination of the capillary scale 
readings in terms of true volumes; (S) determination of the amount of 
expansion obtainable with known amounts of water. 

The first of these calibrations was made by weighing mercury delivered 
from the capillary through the side arm of the stopcock. In order to 
conform to the conditions of subsequent determinations, the temperature 
of the jacket was held at 30®C. ± 0.1®. Since toluene wets the glass, 
while mercury does not, a small amount of it was placed on top of the 
mercury column, and all readings were made with respect to the toluene 
meniscus. 

When true volumes are plotted against scale readings, the points are 
found to lie sharply on a straight line throughout the entire volume range. 
The algebraic equations representing the lines were as follows: 

Dilatometer No. 1.: y * 0.01581® 

Dilatometer No. 2.: y 0.01542® 

Dilatometer No. B.i y 0.01653® 
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in which y = the true volumes, calculated from the weights of mercury 
delivered, and x = the scale readings of the levels in the capillary tubes. 
The close agreement between the proportionality constants in these equa- 
tions indicates the degree of uniformity that may be expected in carefully 
selected capillary tubes of apparently the same bore. In all subsequent 
work, these equations were employed in converting scale readings to true 
volumes, which was more satisfactory than taking the values from the 
graph. 

The second calibration consisted in placing weighed amounts of water 
in the freezing tube and measuring the expansion obtained by the tech- 
nique to be described in the next section. As before, the temperature of 
the jacket was held to 30®C. =b 0.1® and the freezing bath to — 3®C, When 


TABLE 1 

Expansion of water on freezing , 


TBMPBBATUBB 

EXPANSION IN CC. 1 
PBB GBAlf OF HaO 1 

! 

INVBBTIGATOB 

BEFBBBNCB 

•c. 

CC, 



0 

0.09073 

Bunsen 

(3) 

0 

0,09325 

Foote and Saxton 

(4) 

-1 

0.1 (approx.) 

Bouyoucos 

(3) 


0.09074 

1. C. T. 

(7) 


0.09402 

Jones and Gortner 

(8) 

-1 

0.09880 

Sayre 

(12) 


0.09400 

Sayre 



0.09680 

Sayre 



0.10000 

Sayre 



0.09880 

Sayre 


-3 

0.09665 

Buehrer and Rosenblum 

1 


the volume expansions are plotted against weights of w'ater taken, a 
straight line is again obtained within the range of moisture contents stud- 
ied (from 1 to 7 g.). Incidentally, these measurements were made in the 
absence of sea sand or any other solid material. The equation for the line 
is found to be 


y = 0.09565* 

where y is the observed expansion and x the weight of water in grams. 

It is of interest to compare the factor, 0.09565, with those obtained by 
other investigators, as shown in table 1. These data indicate that a con- 
siderable variation is possible in this “constant,” depending upon the kind 
of apparatus used, the technique employed, the rate of freezing, and the 
amount of solid material present, if any. In these respects the determina- 
tion is highly empiricid, necessitating not only a precise statement of the 
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conditions under which the determination is made but also a very careful 
control of those conditions. The fact that the observed expansions for 
different weights of water lie so consistently on a straight line with differ- 
ent dilatometers would indicate that the technique here described is 
reproducible and that the conditions are adequately controlled. These 
results also emphasize the fact that it is hazardous to apply a factor 
obtained by one investigator to measurements made by another unless 
measurements are made under identical conditions. 

EFFECT OF TEMPEBATUBB 

Variations in the temperature of the freezing bath as well as of the liquid 
in the capillary may introduce errors of considerable magnitude, which 
may not always neutralize each other. It appears from the published 
work of investigators in this field that the error due especially to the 
latter was assumed to be negligible and no provisions were made to insure 
constancy of temperature. Bouyoucos (3) controls the temperature of 
the freezing bath by hand, so far as that is possible with an ice salt mix- 
ture, and recommends that “As the temperature of the bath does not 
remain constant throughout without frequent stirring, an effort is made 
to stir the mixture almost continuously. An excellent plan is to put into 
the bath about six dilatometers, . . . and then by holding the stems to- 
gether at the top, move them up and down in the cold mixture.” Evi- 
dently Bouyoucos makes no provision to maintain the temperature of the 
capillary constant. Even with the technique of agitating the freezing 
mixture by moving the dilatometers constantly up and down, it is unlikely 
that constancy of temperature is attained. We have found it practically 
impossible to hold an ice-salt mixture constant, even where the system 
was very effectively insulated against heat leakage and mechanical stirring 
was employed. Unless the capillary is kept at constant temperature 
with a water jacket as above described, the variations in room temperature 
may cause errors that are far from negligible, as will be shown in the 
following experiments. 

Two independent sets of experiments were made to test the effect of 
temperature variations. In the first, the jacket was held constant at 
SO^C. d= 0.1°, and the freezing bath temperature held successively at 
different temperatures, ranging from — 8.6° to — 1.6°C. When the results 
were plotted, the curve was strictly linear over this range, and from its 
we found a volume change of 0.0293 cc. per degree. This may 
introduce an error of too large a magnitude to neglect if there is likelihood 
of variation in the bath temperature of several tenths of a degree. The 
absolute value of the slope of this line is depoident principally upon the 
amount of toluene present in the tube. < 

Tlie second experiment was carried out in a similar mimner, except that 
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the bath was held constant at — 3°C. and the jacket temperature varied 
over a range from 8.6“ to 40“C. Again the points were found to lie on a 
straight line, and the mean rate of change, as shown by the slope, was 
0.001099 cc. per degree Centigrade, which forces with the coefficient of 
expansion of toluene previously published (7). The average per cent 
deviation from this mean value was found to be 2.3 per cent. 

The foregoing coefficient enables us to apply a correction for the unavoid- 
able expansion of the toluene which is forced up into the capillary as a 
result of the freezing of the water. The final volume measured in the 
capillary is obviously the sum of the true expansion which would have 
been obtained had the entire system been at the freezing temperature and 


TABLE 2 


Correction of dilatometer data for expansion of toluene due to temperature change 


WBIGHT 

or 

WATBB 

INITIAL 

SCALB 

RBAOINO 

INITIAL 

VOLUMB 

FINAL 

SCALB 

BBADINO 

FINAL 

VCB.OMB 

tJN- 

COBBBCTBD 

BXPAN8ION 

CORRBCrBB 
FOR TBM- 
PBRATURB 
CHANGB 

TRUB 

VOLUMB 

VOLUME 
BXPAN> 
SION PER 
ORAM OP 

HtO 

uramt 


ce. 


ec. 

ee. 


ee. 

ee. 

1.0720 

24.86 

0.3869 

31.55 

0.4905 

0.1036 

0.00374 

0.0998 

0.09310 

1.0720 

24.66 

0.3827 

31.44 

0.4880 

0.1053 

0.00383 

0.1014 

0.09459 

2.0012 

7.11 

0.1120 

20.21 

0.3141 

0.2021 

0.0073 

0.1948 

0.09734 

2.9871 

14.86 

0.2307 

34.16 

0,5300 

0.2993 

0.0109 

0.2884 

0.09655 

5.0137 

5.98 

0.0920 

38.46 

0.5970 

0.5050 

0.0183 

0.4867 

0.09707 

6.0244 

6.53 

0.1010 

45.55 

0.7070 

0.6060 

0.0220 

0,5840 

0.09694 

7.0815 

1,33 

0.0209 

45.83 

0.7113 

0.6914 1 

0.0251 

0.6652 

0.09394 


Mean 

Average deviation from the mean 
Per cent deviation 


0.09565 

0.00151 

1.6 


the increase in volume of the reference liquid due to the rise in tempera- 
ture from that of the freezing bath to that of the jacket. Since the tem- 
perature conditions at the beginning and end of the determination are 
identical, the correction to be applied represents merely the change in the 
final volume as measured at 30“C. back to — 3“C. It is calculated by the 
simple equation: 

(ti — <i) == Expansion due to temperature change 

in which V is the observed volume increase in the capillary, B the cubical 
coefficient of e^ansion of the toluene over this temperature range, and 
it — U the temperature range involved in the experiment. This is obvi- 
ously a subtractive correction. For illustration we have assembled a 
typical set of data in table 2. 

The point of particular importance in table 2 is the fact that the un- 
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avoidable eiqtansion of the toluene forced into the capillary is of i^pre- 
ciable magnitude, being 3.6 per cent of the total expansion. Tlie error 
so introduced would be even greater when working at lower temperatures. 
It is therefore evident that this expansion cannot justifiably be n^lected 
in experiments where precision is needed or desired. Such a correction 
has not to our knowledge been hitherto applied by investigatora employ- 
ing the dilatometric method. 

FINAL PROCEDUKB 

In the light of the foregoing experiments, the following procedure has 
been developed. The soil sample with the desired amount of water is 
weighed into the sample tube and allowed to stand to attain uniform 
moisture distribution. Having previously regulated the freezing bath 
and jacket temperature to — 3®C. and 30®C., respectively, the sample tube 
is introduced into the freezing tube, to the latter of which a small amount 
of anhydrous toluene (to a depth of about 1 in.) had been added. The 
toluene layer acts as a cushion and prevents the breaking of the sample 
tube while being introduced into the freezing tube. Toluene is now added 
to just cover the sample, and the freezing tube is attached to the apparatus 
at the lubricated ground joint. Rubber bands are stretched from hook to 
hook over the shoulder of the stopcock. The thistle tube at the top is 
filled with toluene. 

The apparatus is lowered into the freezing bath and allowed to come to 
temperature. It is then connected to a Cenco Hyvac pump at the side 
arm of the stopcock and evacuated several times to remove air, toluene 
being added from above between evacuations. The size of the bubbles 
coming off usually indicates when all of the air has been removed. The 
entire apparatus is then filled with toluene and allowed finally to come to 
temperature in the freezing bath, which may require between 15 and 30 
min. The level of the toluene in the capillary is then lowered by drawing 
off through the side arm of the stopcock to a convenient point on the lower 
end of the scale, and observations are taken at convenient time intervals 
until the level remains constant. If the sample is not mechanically dis- 
turb^, it will supercool nicely without premature freezing. 

The sample is then frozen by surrounding it with an ice-salt mixture at 
— 10®C. A sudden rise in the toluene level indicates when freezing has 
b^un, after which the apparatus is immediately returned to the — 3“C. 
bath. Observations of the toluene level are recorded at convenient time 
intervals, until it again becomes constant and remains so for 10 or 15 
min. The entire time required for the level to become constant is usually 
from 30 min. to 1 hr. This period of time will depend upon the size of 
sample used. Occasionally the toluene column rises to a maximpm value 
for an instant, then drops slightly and settles to a value which remains 
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constant over quite an interval of time. This effect may be attributed 
in part to the heat of fusion of the ice given out during the freezing, which, 
by reason of slow dissipation of the heat through the glass container, 
causes a momentarily abnormal expansion. As the heat is dissipated 
into the surrounding bath, the column settles down to a constant level. 

From the reading of the toluene column before and after freezing, the 
expansion is calculated by using the calibration equation appropriate to 
the dilatometer used. The true volume expansion is then calculated by 
appl 3 dng the expansion correction. Finally, the amount of water frozen 
is calculated from the corrected volume expansion, using the proper 
equation. These operations may be combined into one equation, for 
any one dilatometer, as follows: 

Dilatometer No. 1 

0.01581(5/ - 5,)[1 - 0.001099«s - fi)] ^ ^ , 

— — i X 100 = per cent of water frozen 

O.oyooolr 

In this equation S/ and Si are the final and initial scale readings, respec- 
tively, ti and <1 the temperatures of jacket and bath, respectively, and 
W the weight of water initially taken. The numerical constants were 
determined as described in an earlier section. This equation simplifies 
to 


X 100 = per cent of water frozen 

As stated before, owing to the empirical nature of the dilatometric 
method, the interpretation of any results obtained with it should be made 
only in the light of the conditions of the determination. For that reason 
it is difficult to compare the results of two investigators on the same mate- 
rial when obtained under different conditions. 

TEST OP REPRODUCIBILITY 

In order to ascertain how closely the results obtained by means of differ- 
ent dilatometers will agree Uhder the ordinary conditions of measurement 
described above, a test of reproducibility was made, using in this instance 
a solid phase in the form of purified sea sand. In the previous calibrations 
water alone was used. Twenty grams of sea sand and 4 g. of distilled 
water were weighed into the sample tubes, and the expansion of three 
such samples determined in each of the dilatometers. The sea sand was 
employed in this experiment to ascertain the order of magnitude of the 
effect of a solid phase which did not appreciably hydrate with water. 
The results are assembled in table 3. This table brings out several points 
of interest relative to the method. The mean expansion per gram of 
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water as shown in the last column is 0.0920 db 0.0008. The average devi- 
ations frcnn the mean are in each case of the same order of magnitude, 
namely, about 1 per cent. Part of these deviations in the final expansion 
may be due to unknown variations in the fineness of the sand and possibly 
to a sli|^t lag in the equalization of the temperature of the freezing bath 
between the intervals of operation of the compressor. It may be possible 
to minimize these deviations by still further refinement of the regulation. 

Another peculiarity of the result is the order of magnitude of the ex- 
pansion, i. e., 0.0920 cc. per gram of water with sand present, as compared 
with 0.09565 cc. per gram of water in the absence of a solid phase. This 
difference is beyond the ejqperimental error of measurement. It indicates 
that the solid phase, which does not measurably hydrate with water, pos- 


TABLE 3 

Te»t of reproducihility 


BUiATOlCBTllB 

MO. 

DBTBB- 

MXNATtOK 

MO. 

WBIOHT OF 
WATBB 

! 

TBUB BXPAM- | 
BION 

BXPAMSIOM PBB 
OBAM OF 
WATBB 

MBAN FOB BACH 
DILATOMBTBB 



gratM 

ec. 

ee. 

ee. 

1 

1 

3.9951 

0.3699 

0.09259 


1 

2 

3.9876 

0.3630 

0.09104 


1 

3 

3.9859 

0.3746 

0.09398 

0.0925 ± 0.0010 

2 

1 

3.9514 

0.3587 

0.09078 


2 

2 

3.9886 

0.3581 

0.08978 


2 

3 

3.9928 

0.3670 

0.09191 

0.0908 dt 0.0007 

3 

1 

3.9686 

0.3658 

0.09217 


3 

2 

3.9850 

0.3672 

0.09214 


3 

3 

3.9887 

0.3758 

0.09422 

0.0928 db 0.0008 

Oenora.1 Averfl.<re . . . . 

0.0920 db 0.0008 
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sibly exerts a capillary effect which prevents some of the water from 
freezing. A part of the water usually classed as “bound” may therefore 
be not only chemically combined but also held by purely physical forces. 
The results of investigations in this field carried out by the technique here 
presented will be set forth in a subsequent senes of papers. 

SXTMUA.RT 

1. A new dilatometer has been perfected which makes possible a precise 
control of experimental conditions. 

2. The effect of changes in the temperature of the freezing bath and the 
capillary have been invratigated, and a quantitative expresmon for the 
correction to be applied to the observed data has been presented. 

3. It is shown that when conditions are so controlled and t^e proper 
corrections are ai^lied to the measurements, the results obtained by any 
one observer are rqinoducible within 1 to 2 per cent. 
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NEW BOOKS 


Physical Constants of Hydrocarbons. By Gustav Eqloff. 9 x 6 in. ; 403 pp. New 

York: Reinhold Publishing Corporation, 1939. Price: $9.00. 

The author has set an ambitious goal for himself in undertaking to assemble the 
physical constants of all hydrocarbons. As he himself remarks, this field has been 
developed at such a rapid pace in recent years that the older reference works have not 
only become entirely inadequate for our present-day needs but also do not summarize 
a large volume of information available in the more recent literature. 

This first volume covers the paraffins, olefins, acetylenes, and other aliphatic 
hydrocarbons. Two other volumes which are to follow will contain the physical 
constants of all the remaining classes of pure hydrocarbons, and the fourth volume 
will bring out existing interrelationships in the form of an analysis designed to dis- 
close possible errors in experimental values for individual compounds and to permit 
the prediction of the physical properties of hydrocarbons which are as yet unknown 
or not investigated. 

The present series gives (!) melting points, ($) boiling points, (5) specific gravities, 
and (4) refractive indices. Additional studies are under way, aiming toward subse- 
quent compilations of data on the following: critical pressures, temperatures, and 
volumes; viscosities, surface tensions, and specific heats; heats of formation, of 
vaporization, and of fusion; free energies, entropies, parachor values, and octane 
numbers. 

The author has made use of all available sources of information and thinks that he 
has succeeded in incorporating all data available to November, 1938. However, 
those who will be using this book for reference purposes will appreciate how nearly 
impossible it is to incorporate everything in such a survey, and, rather than be 
overcritical in regard to any omissions that they may find, they should gladly 
cooperate with Dr. Egloff in his appeal for communications in regard to missing data. 

The author has undoubtedly done the right thing in adopting the Geneva system 
of nomenclature. However, readers who have not been brought up on this system 
will have no difficulty in orienting themselves, for the corresponding structural 
formulas are given in all cases. That the Geneva system is not always so clear and 
simple as it was designed to be, is brought out by Dr. Patterson’s interpretation of 
it, as quoted verbatim by the author. Thus, the illustration given to bring out the 
meaning of rule 6 is obviously a violation of the subsequent rule 7. In his interpre- 
tation of the Geneva system. Dr. Patterson doubts that the replacement of “eth- 
ylene” by “ethene” will ever become general and considers it unlikely that the time- 
honored “acetylene” will be replaced by “ethyne.” Dr. Egloff has solved this 
difficulty by going halfway in that, for some unknown reason, he has rejected our old 
friend “ethylene” but has retained “acetylene.” 

The author’s review of the methods employed in the critical evaluation of the 
data and in the calculation of the most probable values seems very convincing and 
should be satisfactory for most purposes. By such a systematic study and recalcu- 
lation of available results, it has been possible for him to give us comparable values 
for the various hydrocarbons on which sufficient data are available. The data that 
are considered most reliable are shown in boldface print. In some instances, it has 
undoubtedly been difficult to select the most reliable data. Thus, in the case of 
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butadien6*l,8, the author had to choose between Kistiakowsky’s boiling point of 
-4.51'’C. at 757 mm.| as determined in 1936, and that of -3.6^0. at 760 mm.^ as 
determined by Grosse in 1937, and so he has preferred to omit the boldface. 

There is a natural tendency to examine a volume of this kind with a rather critical 
mind, and the present reviewer is no exception in this respect. However, if the work 
has any shortcomings, these are not at all obvious. On the contrary, university 
workers and industrial people alike—who are in any way concerned with the proper- 
ties of hydrocarbons— will find this compilation most useful as a reference work, and 
they should be thankful to the author for having made available to them the sources 
of information at his disposal. 

Any errors that may have crept in during the assembling and transcription of data 
cannot be detected in a preliminary review. It remains for the users of this refer- 
ence work to express an opinion on that point. In the meantime, the Reviewer 
notes with satisfaction that Dr. Egloff has at least done away with certain frequently 
quoted erroneous data, such as some of the values which have^appeared for the melU 
ing point of butadiene and for the boiling point of pentene-1. 

Pbb K. Fbouch. 

Proceedings of the Sixth Summer Conference on Spectroscopy and its Application, 

6 X 9 in. ; S figures; vii + 172 pp. New York; John Wiley and Sonsy Inc., 1938. 

Price: $8.00. 

The Technology Press has published in the present volume in somewhat con- 
densed form the thirty-one papers presented at the Sixth Summer Conference on 
Spectroscopy held at the Massachusetts Institute of Technology in July, 1938. The 
applications to varied fields are well represented, as well as the theoretical aspects. 
The discussions are not reproduced. 

8. C. Lind. 

The Principles of Electrochemistry. By Duncan A. MacInnbb. 478 pp.; 150 illus- 
trations. New York: Reinhold Publishing Corporation, 1939. Price : 16.00. 

In the preface the author emphasizes that the ^'subject of electrochemistry has 
become so extended’' that it was necessary to ''severely limit the range of topics 
considered.” 

Accordingly, the author has confined himself to the principles of electrochemistry 
of aqueous solutions,— in particular, very dilute solutions. His treatment of these 
has been most thorough and is based on many years of careful application to the 
subject. In the twenty-four chapters the following topics, among others, are con- 
sidered: the laws of Faraday, electrolytic conductance, electrolytic transference, 
the principles of thermodynamics, the Debye-Hfickel theory, concentration cells, 
standard electrode potentials, determination of pH, electrometric titrations, the 
dielectric constants of liquids, electrokinetic phenomena, and passivity and over- 
voltage. 

Most of the experimental data referred to in the book are of relatively recent 
origin, having been obtained during the last ten or fifteen years. 

To all interested in the physical chemistry of solutions this book is highly recom- 
mended. 


Colin Q. Fink. 



THE OXIDATION OF SOLUTIONS OF FERROUS SALTS 
JAMES R. POUND 

The School of Mines, Ballarat, Victoria, Australia 
Received January 8, 1938 

The author has made previously some experiments on the oxidation 
of ferrous sulfate solutions (1); the present work is an extension of these 
experiments. Solutions of various ferrous salts were exposed to the air 
at room temperatures and higher, and the oxidation that occurred was 
found by titration with 0.1 normal oxidizing agent before and after the 
exposure. Generally the ferrous salt solutions (5 cc.) were placed in 
test tubes 2.5 cm. in diameter, and other reagents were added as desired. 
The quantities of all reagents are expressed in gram-moles per liter. It 
was necessary to run comparatively small batches at a time, but these 
may be readily correlated. 

Selected results with 0.1 molar solutions of ferrous salts are given in 
tables 1 and 2; table 3 shows results obtained with other than 0.1 molar 
solutions. In each series of experiments the ‘‘blank' \ i.e., the cubic 
centimeters of N/IO oxidizing agent equivalent to the original solution, 
is given after the heading of the series in parentheses: e.g., in table 1(a) 
the 5 cc. of original ferrous sulfate solution was equivalent to 3.38 cc. of 
N/IO permanganate solution (this is an exceptionally low value). 

Duplicate experiments are not quoted, and many confirmatory tests are 
omitted. In each series the temperature varied over a few degrees, the 
average being quoted; but the experiments of each series were, of course, 
performed under the same conditions. 

EXPERIMENTS WITH AQUEOUS SOLUTIONS OF FERROUS SALTS 

The ferrous sulfate solution of table 1(a) was part of a large stock 
which was originally 0.1 molar in ferrous sulfate and 0.05 mollr in sul- 
furic acid. Thus the presence of considerable ferric salt does not affect 
the oxidation. The solutions of table 2(a) were made from an exact 
weight of ferrous sulfate crystals in each test tube. Here the solution 
without any added acid gave a precipitate within 3 hr.; after 5 days it 
contained an appreciable brown precipitate, but the liquid was colorless; 
the other solutions containing acid were clear and colorless throughout. 

Solutions of series l.(b)> 1(c), 2(c), and 2(d) were made from ferrous 
sulfate crystals and were filtered immediately from a slight precipitate; 
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TABLE 1 

Reaulta (Stained with N/W aolutions of ferrouo salts at room temperature 
The extent of oxidation is expressed in terms of cubic centimeters of N/IO oxidising 
agent; the concentrations of the reagents in gram^moles per liter. The oxidation 
equivalent of the ferrous salt taken (and thus also of complete oxidation) is given 
in parentheses after the heading of each series 


(») Fe604 solution; 0 days at 18T!. (3.88 oo.) 

(•) FeCli solution; 9 days at 14*C. (4.99 00 .) 

HiSO. 

RBAOBNT 

OXIDATION 

HCl 

NBAOINT 

OXIDATION 

0.06 

0.30 

0.05 

0.06 

0.06 

0.06 

0,06 

0.17 HiPO. 

0 . 6 HsPOi 

1.6 H,P04 

2.7 H,PO* 

8.0 H,P04 

0.06 

o.oa* 

0.30 

1.27* 

2.46 

2.97 

2.48* 

0.1 

6.5 

0.06 

0.06 

0.1 

0.05 

2.6 (NH4)sS04 
0.17 H30, 

0.17 HNOi 

0.5 HNO. 

0.07 

2.44* 

0.09* 

0.00* 

0.10 

0.10* 

(f) Fe(N08)x solution; 14 days at 1S*C. (4.86 eo.) 

(b) FsSOi solution; 14 days at 8'*C. (6.41 oo.) 

HNO* 

BBAOBNT 

OXIDATION 

HtSOi 

OXIDATION 

0.01 

0.17 

0.2 

0.3 

0.4 

0.01 

0.01 

0.01 

0.01 

0.1 HtS 04 

0.8 H,S04 

0.17 Ha 

0.01 NaNO, 

0.00 

0.07 

0.00 

1.11 

4.86 

0.03 

0.05 

0.06 

1.06 

0.00006 

0.006 

0.01 

0,02 

plus CaCOs 

O.llt 

0.06 

0.12 

0.12 

0.68t 

(o) FsSOi solution; 7 days at 7”C. (6.84 oo.) 

H«S04 

OXIDATION 

(g) Fe(C104)2 solution; 14 days at 13*C. (4.84 oc.) 

0.00015 

0.00015 plus 0.0001 NaOH 
0.00015 plua 0.0003 NaOH 
0.00015 plua 0.0006 NaOH 
0.00015 plua 0.01 H,PO. 

0.04 

0.07t 

o.iot 

O.llt 

0.20t 

HCIO 4 

aBAOBNT 

OXIDATION 

0.02 

0.02 

0.02 

0.2 HNO, 

0.1 H,S04 

0.04 

0.07 

0.13 

(d) FsClt solution; 7 days at 18*C. (6.06 co.) 

(h) Fe(HiP04)2 solution; 16 days at 11*0. (4.10 00 .) 

H8P04 


OXIDATION 

. 

HCl 

BBAOVST 

OXIDATION 

0.16 

0.4 

2.9 


2.69t 

3.08 

3.87 

0.1 

0.7 

1.9 

0.1 

0.06 

0.1 

0.1 

O.l 

0.05 

0.05 

0.1 

> 

0.8 HiSO. 

0.6 H.PO« 

2.7 H,P04 

0.3 HiPOt 

0.5 H,POt 

1.0 NH 4 CI 

2.6 NaCl 

0.02 NaNOi 

0.07 

0.10* 

0.33 

0.14 

2,09* 

3.43 

2.01 

2.77 

0.04* 

0.14* 

2.27 

(i) Fe(CtHiOi)i solution; 1 day at 9*C. (6*10 eo.) 

HCtHfOt 

SBAOBNT 

OXIDATION 

(0) 

3 

0.01 

0.01 

(0) 

(0) 

0.045 H 1 SO 4 

0.095 H,S04 

0.15 NaCtHfO.. 
plua CaOOt 

0.48t 

o.ist 

0.17t 

0.00 

0.Mt 

0.58t 
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(j) Fe(CfHiOs)9 solution; 3 days at 8*C. 

(5.16 oc.) 

1 (1) Fe(CsH40i)i solution; 1 and 2 days at 8*0. 




(4.29 cc.) 


HCtHiOa 

BBAGSNT 

OXIDATIOH 








OXIDATION 

OXIDATION 

(0) 


1.26t 

RBAOBNT 

(1 DAT) 

(2 DATS) 

(0) 

plus CaCOi 

1.37t 




0.01 

0.005 HiSO. 

1.25t 


0.38 

0.73 

O.Ol 

0.015 HsSOi 

0.95t 

0 . 1 HsS04 

0.01 


0.01 

0.040 HiSO. 

0.48t 

0.0075 NaC,H,0, 

0.39 


0.01 

0.045 HtS04 

0.39t 

0.015 NaCjHiOi 

0.43 


0.01 

0 .005 H, so. 

0.05 

0.030 NaCiHiOt 

0.43 

0.77t 




0.12 NaCiHiOi 

0.55 

0.94 

(k) (CHiCOO)sFe solution; 1 day at 12*C. (4.6Q oc.) 

0.21 NaCjHiO, 


0.97* 


RBAQBNT 

OXIDATION 

0.37 NaCjHiOj 


0.90* 




— 

0.0089 HCiHiO, 

0.38 




0.69t 

0.027 HC,H.O, 

0.25 

0.62 

0.1 

H,SO. 

0.04 

0.054 HC,HA 

0.26 

0.53 

0.04 H,PO« 

0.67t 

0.18 HC,H|0, 

0.21 

0.37 

0.1 

H,P04 I 

0.40t 

0.44 HC,H,0. 

1 

0.12t 

0.32 H,PO< 

0.27 




0.07 (7) (CHjCOOH), 

0.44t 




0.1 

(T) (CHiCOOH), 

0.24t 




0.06 (CHiCOONa), | 

0,72t 




0.11 (CH.COONa), 

0.77t 




0.12NaC.H.Ot 

0.86t 





(m) FeSOi and Fei(S04)9 solution; 2 and 4 days at 18*C. (5.46 oo.) 


BBAOBNTB 

OXIDATION (BBDUCnON IB OIVBN IN FARBNTBB8B8 WITH 
MINUS BIONS) 

H«804 

H 8 C 1 O 4 

Citric acid 

2 days in 
the light 

2 days in the 
laboratory 

4 days in the 
laboratory 

4 days in 
the dark 

0.05 

0 

0 

0.13 


0.01 

0.03 

0.10 

0 

0 

0.01 



0.03 

0.05 

0 

0.001 

(-0.25) 



0.08 

0.05 

0 

0.005 

(-1.08) 


(-0.16) 

0.00 

0.05 

0 

0.01 


(-0.10) 


0.07 

0.05 

0.0004 

0 

(-0.04) 



(-0.01) 

0.05 

0.002 

0 1 

(-0.34) 


(-0.14) 

(-0.10) 

0.05 

0.004 

0 

(-0.70) 

(-0.14) 


0.03 

0.50 

0 

0.005 

(-0.06) 


0.10 


0.05 

0.8 H,P04 

0.005 



1.19 
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TABLE 1 — Concluded 

(n) FeGIOi solution; 15 days at 17TI. in the dark (5.S1 eo.) 


MDAQBim 

OXIDATIOM 

BBAOSinNI 

OatiDATIOM 

Bulfttrie add 

Oitriomdd 


Oxalic add 

0.05 

0 

0.21 

0.05 

0 

0.21 

0.05 

0.004 

0.23 

0.06 

0.004 

0.27 

0.05 

0.014 

0.29$ 

0.05 

0.016 

0.29 

0.05 

0.025 

0.24 

0.05 

0.032 

0.41 

0.05 

0,1 

0.34 

0.06 

0.1 

0.38t 

0.05 

0.2 

0.43 

0.06 

0.2 

0.29t 

0.05 

0.6 

0.09 

0.05 

0.5 

0.42t 

0.55 

0.0 

0.16 

0.56 

0.0 

0.16 

0.55 

0.025 

0.17 

0.56 

0.032 

0.21 

0.55 

0.1 

0.23 

0.65 

0.1 

0.84t 

0.05 

0.1 H,P04 

4.13 





* In these experiments the concentration of the ferrous salt was lowered, gen- 
erally halved, by addition of the reagent solution. 

t Precipitates were formed here soon after the start of the experiment. 

t A trace of precipitate was formed before the end of the experiment. 

§ This value is certainly high. 

more precipitate formed in these solutions when they were kept at room 
temperature. In the first experiment of table 1(b) the pH fell from 3.9 
to 3.0, and in the first experiment of table 1(c) the pH fell from 3.5 to 3.3. 
The first experiments of table l(k) and table 1(1) had pH values of 6.0 and 
2.5, respectively. 

In series 2(c) after 6 days the solution with no added acid was yellow 
and contained considerable yellow-brown precipitate; the next solutions 
with increasing acid were decreasingly straw-colored; and the last solution 
was colorless. The first solution in 2(c) changed during the 6 days from 
pH3 .9 to 2.6, i.e., from 0.00005 M to 0.001 M sulfuric acid; this increase 
in acidity proceeded at a diminishing rate, i.e., the acidity developed 
most rapidly at the start. The first solutions in 2(d) and 2(i) had pH 
vidues of 3.5 and 2.1, respectively. 

In seri^ 2(d) the solutions with less than 0.005 molar acid gave pre- 
cipitates; here the more alkali was used to reduce the acid concentration, 
tke greater was the amount of precipitate, but the oxidation was not 
increased proportionately. The alkali probably precipitated a propor- 
tional amount of basic ferric salt early in the experiment, and thus the 
total oxidation would be the same as that occurring in the original “neu- 
tral” solution. When the ferrous salt solutions were in contact with 
solids like calcite, rinc oxide, and magnesia, whicli would continuously 
reduce the acid concentration, the solutions were ri^id^ oxidised. 






TABLE 2 


Reaulta obtained with N/10 aolutiona of ferroua aalta 


(a) Fe804 solution; 5 days at 28*C. (6.2 cc.) 

(f) FeCli solution; 4 days at 26*0. (4.02 oc.) 

H 18 O 4 


OXXDATIOM 

HCl 


OXIDATION 

(0) 

0.06 

0.1 

0.2 


0.46t 

0.30 

0.31 

0.29 

0.1 

1.9 

3.2 

4.2 

5.0 


0.11 

0.85 

1.99 

3.22* 

4.06* 

(b) FeS04 solution; 8 days at 27*C. (3.13 cc.) 

(g) FeCh solution; 7 days at 26*0. (4.88 cc.) 

H 1 BO 4 


OXIDATIOM 

HCl 

BXAOBNT 

OXIDATION 

0.05 

1.7 

6.0 


0.28 

0.13 

0.10 

0.1 

1.1 

0.1 

0.1 

0.1 

0.1 

0.1 

(0.1) 

(0.1) 

(0.1) 

(0.1) 

0.33 H,BO, 

0.05 Na2B407 

0.35 HCjHjOi 

1.7 HCjHsOa 

0.15 NaC2Hj02 
plus CaCOs 
plus ZnO 
plus MgO 
plus BaCOs 

0.10 

0.30 

0.14 

0.20t 

0.07 

0.10 

1.08t 

0.90t 

1.42t 

3.60t 

1.31t 

(c) Fe804 solution; 6 days at (6.41 cc.) 

H 1 SO 4 


OXIDATION 

0.00005 

0.005 

0,01 

0.02 

0.06 


0.59t 

0.52 

0.54 

0.54 

0.41 

(d) FeS04 BoluUon ; 3 days at 28*^. (6.34 cc.) 

j (h) FeCls solution; 8 days at 27*C. (4.01 cc.) 

HCl 

BBAOENT 

OXIDATION 

H 1 BO 4 

BBAOBNT 

OXIDATION 

0.1 

1.9 

0.1 

0.1 

0.1 

0.1 

0.1 


0.00015 

0.005 

0.00015 

0.00015 

0.00015 

0.00015 

0.00015 

0.00015 

0.00015 

0.01 HCl 

0.01 H,PO. 
0.014 H.BO. 
0.0001 NaOH 
0.0003 NaOH 
0.0006 NaOH 
0.001 NaOH 

0.37t 

0.37 

0.30 

0.56t 

0,50t 

0.36t 

0.43t 

0.43t 

0.43t 

0.06 H,BO, 

1.8 MgCL 

2.3 NaCl 

5.6 NH 4 CI 

Platinum black 

0.23 

1.03 

0.16 

0.53* 

0.16* 

0.56 

4.00 

(i) FelNOi)* solution; 3 days at 26*C. (5.17 oc.) 

(e) FeClt solution; 4 days at 26*C. (4.92 cc.) 


RBAOBNT 

OXIDATION 


0.02 HiPO. 

0.04 H,PO« 

0.1 H.PO 4 

0.2 H,PO, 
plus CaCOi 

0.03 NaC,H.O> 
0 . 12 NaC,HiO« 

0 12 

0.27t 

0.36t 

0.87t 

1,19 

0.6t 

0.12 

2.1t 

HCl 

BIAOKNT 

OXIDATION 

0.1 

0.32 

1.9 

0.1 

0.1 

2.7 HjPO. 

0.8 HtSO. 

0.11 

0.07 

0.37 

4.00 

0.19 


In these experiments the concentration of the ferrous salt was lowered, generally 
halved, by Addition of the reagent solution. 

t In these cases a preci]Mtate formed during the experiment. 


m 
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TABLE 3 

BeivUa obtained mih ferrous edli eolutione of various ooneentrations 


(a) Various fsrrous salt solutions; 14 days at 12*C. 


SOLUTION 

ADDBD BNAOBirr 

ONXDATtON 

Jf/lO Fe(NO,), 1 

None 

0.2 M HNOs 

0.00 

0.03 

M/10 Fe(C104). 1 

None 

0.2 M HNOi 

0.04 

0.07 

M/4 Fe{NO.)i { 

None 

0.2 M HNOi 

0.22 

0.30 

M/4 Fe(aO,)t 1 

None 

0.2 M HNOi 

0.14 

0.21 

M/2 Fe(NO,), | 

None 

0.2 M HNOi 

0.88 

1.27 


(b) Forrous phosphate solutions; 18 days at 11*C. 


SOLUTIONS 

ADDED RNAOBNT 

OXIDATION 

M/12 Fe(H,PO«), | 

0.16 M HsPOl 

3.0 JlfHaP04 

2.69t 

3.87 

Jtf/6 Fe(H,PO,), ...! 1 

0.4 MHsPOi 

3.0 MHiPOi 

7.75 

6.90 

M/2 Fe(H,P 04 )i | 

a 

o o 

00 

20.53t 

12.75 


(o) M/2 Fe(NOs)t solution 


ADDND RNAOBNT 

OXIDATION 

7 days at 11*C. 

3 days at 36*C. 

4 days at 80*C. 


0.25 

0.59 

1.69 

0.2 ATHNO, 

0.90 

2.06 


0.6 AfHNO, 

1.66 



0.1 ilfB.S04 



2.21 

. 0.45 M H 3 SO 4 

0.59 



0.32 M HtPOi 



6.28 

1.5 JlfHJP04 

3.57 


8.78 

2.7 JtfHrf>04. 

3.94 


23.44 (complete) 

0.08 M H^O. 



0.96 

0.06 M HiBO. 

0.24 



0.88 M HiBOi 



1.14 

0.16 M (CHsCOOH), 



1.28 

0.85 M 



1.27 


t In these oases a precipitate formed during the experiment* 
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All the yellow to brown precipitates formed would seem to be basic 
ferric salts, but in 2(g) with magnesia the precipitate was greenish, and in 
series 1(c), l(k), 2(d), and 3(b), where phosphoric acid was used, the 
precipitate was white (ferric phosphate?). 

The Af/2 ferrous nitrate solution would contain about 0.04 molar nitric 
acid and a little barium nitrate; the other ferrous nitrate solutions, made 
by dilution, would contain proportional amounts of these substances. 

The ferrous perchlorate solution, made from iron and perchloric acid, 
contained a little of the free acid, — about 0.05 molar acid in the 0.25 molar 
solution of ferrous perchlorate and 0.02 molar acid in the 0.1 molar solu- 
tion of the perchlorate. 

The ferrous phosphate solution was prepared from iron and phosphoric 
acid; unless there is an excess of acid present a white solid (ferrous phos- 
phate?) separates during the preparation. The 0.5 normal ferrous phos- 
phate solution would contain 0.5 molar Fe(HjP04)i and about 1.0 molar 
free (excess) H1PO4, while the 0.2 and 0.08 normal ferrous phosphate 
solutions would contain proportional amounts of these constituents. 
These solutions form precipitates on standing, especially the two dilute 
solutions; addition of more phosphoric acid is necessary to prevent this 
precipitation. It is evident that exact formulation of the constituents of 
these solutions requires a study of the pH, etc. 

Ferrous acetate solutions were prepared from ferrous sulfate and barium 
acetate solutions, the latter being in slight excess. This excess of barium 
acetate, 0.005 gram-mole per liter, is allowed for in tables l(i) and l(j). 
These ferrous acetate solutions oxidized very rapidly at room temperatures, 
considerable brown precipitate and scum forming within 24 hr.; this is 
undoubtedly due to the weakness of acetic acid. It is reported that fer- 
rous bicarbonate solutions are oxidized similarly with the greatest readi- 
ness. The ferrous acetate solution (1(1)) had an initial pH of 2.5, which 
changed to 2.1 in 2 days. 

Ferrous succinate solution was prepared from ferrous sulfate solution 
and barium succinate, but the reaction was incomplete, and the solution 
(l(k)) contained 0.02 mole of sulfate to 0.08 mole of succinate radical. 
This solution oxidized rapidly, forming much dark brown precipitate and 
scum; the initial pH was about 5. In the two experiments in l(k) where 
free succinic acid was added, it did not dissolve completely, and the con- 
centrations quoted are approximate. 

Only the ferrous chloride solutions were titrated with potassium dichro- 
mate solution. The solutions of the other ferrous salts were titrated with 
potassium permanganate solution; but the solutions containing oxalic 
and citric acids, those of l(m) and l(n), were titrated with ceric sulfate 
solution. 
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lEXPBBIMimS WITH QTHaB BCH4imeNS 

A. Ferroue chloride in cdcohol 

Anhydrous ferrous chloride was made; it was insoluble iu ether, but 
freely sohible in alcohol. The solution in absolute alcohol (99 per cent 
by weight) turned brown rapidly in the air, but the addition of a little 
concentrated hydrochloric acid (aqueous solution) made the alc<^olic 
solution a clear yellow color. The stock alcoholic solution was 0.5 molar 
in hydrochloric acid and 0.4 molar in ferrous chloride; the more dilute 
solutions were made by diluting this stock solution with alcohol. In 
these solutions the ferrous salt was determined by diluting with water, 
distilling off the alcohol in a stream of carbonic acid gas, cooling, diluting, 
and titrating with potassium dichromate solution. 

The 0.4 molar solution of ferrous chloride in alcohol oxidized to the ex- 
tent of 15 per cent in a couple of hours, and of 36 per cent in 1 day at 
room temperatures. With 0.4 M, 0.16 M, and 0.06 M solutions in alco- 
hol the oxidation in 6 days at ll^C. was 90 per cent complete, and in the 
presence of extra 2 molar hydrochloric acid (aqueous) it was quite com- 
plete. Other experiments indicated that in 89 per cent (by weight) alco- 
hol the ferrous chloride oxidized somewhat more slowly than in the 99 
per cent alcohol. 

Ferrous chloride thus undergoes oxidation much more rapidly in alco- 
holic solution than in aqueous solution. Addition of hydrochloric acid 
hastens the oxidation in both solvents. 

B. Ferroue sulfate in concentrated sulfuric acid 

Ferrous sulfate crystals were shaken with concentrated sulfuric acid 
for 2 days, and the solution was filtered through a porous fritted-glass 
plate. The resulting slightly turbid solution of ferrous sulfate in about 
85 per cent (by weight) sulfuric acid was kept in a current of dry air for 
4 days at 28‘’C. There were crystals in each sample at the end of that 
time, and it was therefore doubtful whether the ferrous sulfate was ever 
all dissolved. The original 5 cc. of solution (8.66 g.) required 1.36 cc. of 
W/10 permanganate; under the conditions stated the oxidation was 
equivalent to 0.24 cc. of permanganate. With the addition of phosphoric 
acid (90 per cent acid) to give a concentration of 0.65 molar, the oxidation 
was equivalent to 0.48 cc. of permanganate. Oxidation in this solvent 
is therefore proportionately greater than in water, and even here phos- 
phoric acid accelerates the oxidation. 

C. The oxidation of aqueous ferrous sulfate solutions in the "presence of 

oxalic and citric adds 

To prevent the oxidation of ferrous salt solutions tire addition citric 
acid h»B been proposed, but citric acid and similar acids have the power 
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reducing ferric salts, especially in sunlight; moreover, the simple estima- 
tion of ferrous salts by permanganate and dichromate breaks down in the 
presence of these oi^nic acids. 

A drop of ferric salt solution mixed with one of oxalic acid, both M/20, 
after standing a few minutes in ordinary laboratory light, gave a blue 
color with potassium ferricyanide, while under similar conditions oxalic 
acid only slowly reduced potassium ferricyanide. With potassium per- 
manganate solution the titration of ferrous salt in the presence of oxalic 
acid, even in the presence of phosphoric acid in the cold, was out of the 
question. With potassium dichromate solution, using potassium ferricy- 
anide as outside indicator, the ferrous salt could be estimated in the cold 
with moderate accuracy, say 1 per cent, if the indications of the outside 
drop were observed at once, i.e., within half a minute; in a longer time the 
blue color appeared, since the oxalic acid then reduced the ferric salt, and 
light would accelerate this reduction. Thus with ferrous sulfate solution 
(0.0587 M) and oxalic acid (0.0837 M), in the presence of sulfuric acid 
(except where phosphoric acid was used), the following results were 
obtained: 





KMnOt TITRATION 

FaSOt 80 LUT 10 H 

H*C|04 solution 

H 1 PO 4 (16 M) 



Cold 

Hot 

ee. 

ee. 

ec . 

ee . 

cc. 

20 

0 

0 

11.39 


0 

20 

0 


16.24 

20 

20 

5 

(11.8)* 

27.61 


KsCrsO; titration in the cold 




ee. 

20 

0 

0 

9.26 

20 

5 

0 

9.25 

20 1 

20 

0 i 

9.35 


• Fugitive. 


Though cold oxalic acid solution was fairly rapidly oxidized by per- 
. manganate and ceric sulfate and only slowly by dichromate, yet the mix- 
ture of ferrous salt and oxalic acid was oxidized fairly rapidly by the di- 
chromate, or the ferrous salt could only be approximately estimated thus 
in the presence of oxalic acid. Similarly, potassium dichromate oxidized 
ferrous salt and citric acid simultaneously, and there was no direct re- 
* lation between the amount of iron oxidized and the amount of citric acid 
oxidized. As potaasium dichromate oxidized citric acid solution very 
slowly in the cold, this simultaneous oxidation is an example of induced 
reaction, or the oxidation of ferrous salt catalyzed the oxidation of citric 
and oxalic acids. 
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Ferrous salts, however, could be titrated by ceric sulfate solution, in the 
presence of oxalic and citric acids without appreciable error. In these 
titrations diphenylamine, dissolved in sulfuric acid, was used as indicator. 
With d4>henylainine the titration must be taken to a d^nite purple 
color; too rapid a titration, too great a dilution, insufficient acid (both 
sulfuric and phosidioric acid), and the formation of a precipitate of ferric 
phosphate, all made for high results, while an excess of sulfuric acid made 
for a low result and a less sensitive one. Considerable care was needed to 
obtain consistent results with this indicator, and undoubtedly the recently 
introduced indicators would be better. The best results were secured in a 
sdution which was from 0.2 to 1 or 2 molar in both sulfuric and phosphoric 
acid. The following results were obtained; 


Jf/MFaSO, 

M/» HiCiO, 

CITBIC ACID 

C«(S04)l UlSD 1« 
TlTEATlOlf 

ee. 

ee. 


ee. 

5 

0 


2.07 

5 

5 


2.04* 

5 

20 


2.08*t 

5 


1 g* 

2.05 

10 

0 


4.08 

10 

10 


4.07 

10 


10 CO. of ilf/10 

4.07 


* This end point faded in the sunlight, 
t A rapid titration gave higher results. 


Using the ceric sulfate titration, experiments on the oxidation of fer- 
rous sulfate solutions in the air in the presence of oxalic and citric acids, 
and in the presence and absence of light, were carried out. In series l(m) 
10-cc. samples of 0.05 molar ferrous sulfate solution, which was also 0.025 
molar in ferric sulfate, were used. The experiments “ in the light” were 
done indirectly in sunlight in the daytime and in electric light at night; 
those “in the laboratory” were done in diffused light in the daytime only; 
those “in the dm'k” were kept in a dark cupboard. 

In series l(n) freshly made 0.1 molar ferrous sulfate solution was used, 
and the oxidation was allowed to proceed at room temperatures, the mean 
temperature being 17"C., and in the dark; 5 cc. of the ferrous sulfate 
solution was used in each test. The solutions containing appreciable 
quantities of oxalic and citric acids, over 0.05 molar, became yellow more. 
ot less rapidly, and those containing much oxalic acid soon gave a pre- 
cipitate iff yellow ferrous oxalate, FeC!|0«*^iO; this separation of in- 
soluble ferrous wit decreased the extent of oxidation (see t|ie three ex- 
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amples maiked^ in table l(n)); in the fourth example (marked^) in the 
more concentrated sulfuric acid solution the precipitate only appeared 
towards the end of the experiment and the oxidation of the ferrous salt 
was not retarded. 


SUMMARY 

1. Phosphoric acid accelerates the oxidation of ferrous salts. When the 
concentration of phosphoric acid is high, the rate of oxidation slackens a 
little. 

2. Hydrochloric acid increases the oxidation of ferrous salts. At room 
temperature the increase in oxidation is s%ht up to 1 molar hydrochloric 
acid, but thereafter it rises at an increasing rate; at 25®C. the influence of 
hydrochloric acid is more marked. 

3. Sulfuric acid does not increase the rate of oxidation of ferrous salts, 
except that at concentrations above 18 molar the rate of oxidation is 
increased slightly. 

4. Neutral solutions of ferrous salts are oxidized more rapidly than acid 
solutions (i.e., than moderately acid solutions). At 25°C. the rate of 
oxidation decreases from that of a neutral solution until a concentration 
of sulfuric acid of about 1 molar is reached, or a concentration of hydro- 
chloric acid of about 0.5 molar. At room temperatures the rate of oxida- 
tion decreases until the acid concentration is about 0.1 molar. 

5. The ferrous salts of weak acids are oxidized more rapidly than those 
of strong acids; e.g., there is rapid oxidation with ferrous acetate solutions, 
with ferrous chloride solutions buffered with borax or sodium acetate, with 
ferrous salt solutions containing calcite and other substances which would 
remove free acid. 

5a. Similarly, 0.1 molar sulfuric acid prevents the rapid oxidation of 
ferrous acetate solutions at room temperature; the addition of acetic acid 
to ferrous chloride solutions containing 0.1 molar hydrochloric acid has no 
effect on the oxidation; boric acid behaves similarly. Sulfuric acid, and 
even phosphoric acid, reduces the rate of oxidation of ferrous succinate 
solutions. 

6. Phosphoric acid may increase the rate of oxidation of ferrous salts 
partly because it is a relatively weak acid, but its main effect seems more 
specific. Phosphorous acid and hypophosphorous acid also increase the 
rate of oxidation. The oxidation of ferrous phosphate solutions is par- 
ticularly rapid. 

7. At room temperatures small concentrations of nitric acid, up to 0.5 
molar, affect the rate of oxidatbn just as sulfuric or hydrochloric acid does, 
i.e., very slightly. Above this concentration the nitric acid oxidizes the 
ferrous salt rapidly. Nitric and hydrochloric acids together in small 
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o(Hioentratione (kss thw 0.2 nu^r) do not afleet the oxidation. The 
rate oxidation ferrous nitrate solutions is similar to that ot solutions 
of ^ chloride and the sulfate. 

8. Oxides of nitrogen (from acidified sodium nitrite) rapidly accelerate 
the oxidation of ferrous salts. Platinum black also catalyzes the oxida- 
tion (1). 

9. Neutral salts make little difference in the rate of oxidation of ferrous 
s^t solutions. The presence of a conriderable quantity chloride in- 
creases somewhat the rate of oxidation of ferrous chloride solution. 

10. No relation can be seen between the rate of oxidation and the solu- 
bility of oxygen in the various solutions; the latter must be secondary to 
the other factors involved. Similarly, the formation of a precipitate 
(generally of basic salt) in the solutions is due to low acid concentration 
and thus accompanies high rate of oxidation, although it does not seem to 
cause the latter directly. 

11. The rate of oxidation (see table 3) is proportional to the square of 
the concentration of the ferrous salt. In table 3(a) the rate of oridation 
of the M/4 solutions is six times that of the M/10 solutions, and that of the 
M/2 solution is four times that of the M/4 solutions (see also reference 1). 

12. The addition of acid, up to a concentration of 0.2 molar, increases 
the rate of oxidation of the M/2 and M/4 solutions. Hydrochloric and 
sulfuric acids have the same effect as nitric acid; hence the experiments 
with the first two are not reported. 

13. Oxidation of the ferrous phosphate solutions is very rapid; in 16 
days at room temperatures it is about 75 per cent complete with the solu- 
tions containing the least phosphoric acid. Addition of phosphoric acid 
decreases the rate of oxidation for the concentrated ferrous phosphate 
solutions,, but increases it for the dilute solutions (M/12). In these ex- 
periments (table 3(b)) the rate of oxidation is not proportional to the 
square of the ferrous salt concentration, but the exact “free acid” e<M»cen- 
trations in these solutions are difficult to determine. 

14. Addition of sulfuric, hydrochloric, or nitric acid, up to 0.2 molar, 
decreases the rate of oxidation of the M/2 ferrous phosphate soluUon by 
26 per cent, corresponding to 16.5 instead of 20.53 cc. of permanganate 
(campm« 5a and 21). 

15. With the addition of 2.7 molar fdiosphoric acid the oxidation of 
M/2 ferrous nitrate solution was completed within 4 days at 30*C. ((X>m- 
pare table 2(e)). 

16. Boric, succinic, and acetic acids decrease sUi^tly the rate of oadda- 
ti<m of M/2 ferrous nitrate solution at 30*C.; such a decrease is not notice- 
able in tables 1 and 2. 

17. In the dark, ferric salt solution is not reduced by oitiic |ntd uid is 
only slightly reduced by oxalic acid. 
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18. In the light, citric acid and oxalic acid reduce ferric salt continu- 
ously; the reduction is proportional to the concentration of these acids. 
In equimolar solutions the reduction by citric acid is greater than by 
oxalic acid. 

19. Addition of sulfuric acid prevents the reduction by citric acid. 
Phosphoric acid accelerates the oxidation of the ferrous salt even in the 
presence of citric acid. 

20. In the absence of light, oxalic and citric acids increase the rate of 
oxidation of ferrous salt solutions. The effect is slight at concentrations 
less than 0.05 molar, but greater at higher concentrations. 

21. This effect of oxalic and citric acids is diminished by increasing the 
sulfuric acid concentration (see 5 and 5a). 

22. In general, then, oxalic and citric acids behave as the other organic 
acids (weak acids), but the formation of insoluble ferrous oxalate and 
especially the influence of light introduce further complications with 
these two acids. 


CONCLUSIONS 

No simple or single explanation will account for the facts summarized 
above. In very dilute acid solutions some relation between the hydrogen- 
ion concentration and the rate of oxidation waits to be unravelled, but in 
concentrated acid solutions and in non-aqueous solutions the hydrogen 
ions may play a minor part in the oxidation. 

High rates of oxidation are undoubtedly caused by (a) specifc catalysts, 
such as phosphoric acid, hydrochloric acid (in high concentrations), 
nitric acid (direct oxidizer), oxides of nitrogen, and surface catalysts such 
as platinum black, and (5) low acidity. 

A solution of a ferrous salt undergoes the minimum oxidation in the 
presence of a moderate amount of a strong non-oxidizing acid, like sulfuric 
and hydrochloric acids; a concentration of such an acid of about 0.2 
normal is suitable, or of sulfuric acid even up to 6.0 normal. 
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I. EXPERIMENTS ON THE RATE OF OXIDATION OF FERROUS CHLORIDE 

Anhydrous ferrous chloride, a light brown substance, was made at a 
red beat from iron and hydrogen chloride. Its solutions in the various 
alcohols were allowed to undergo oxidation either in the air or in a desic- 
cator through which dry air was continuously aspirated. The alcoholic 
solutions, 5 cc. usually, were in test tubes 1 in. in diameter; after a given 
time the solutions were diluted with water and sulfuric acid, and then 
were titrated with ceric sulfate solution. The experiments were carried 
out at room temperatures. 

The results of the chief experiments are in tables 1 and 2. In table 1 
the relative ferrous salt concentrations of the solutions are given against 
the time in hours. The results indicate that the initial oxidation is 
bimolecular with respect to the ferrous salt, as it is in aqueous solutions. 
Table 1 gives the value of the specific speed, 

jfc = 

~ c* 

where c — the concentration of the ferrous salt in moles per liter (which 
also is the normality of the ferrous salt as reducing agent), and I = the 
time, in minutes, during which the oxidation has proceeded. The time, 
in hours, over which the constant value of k is obtained, is given imme- 
diately after k. The change in k after that period is indicated in the last 
column, d meaning that k has decreased, i meaning that k has increased 
thereafter. The experiments marked “dry” were performed in a stream 
of dry air; those marked “air” were performed in the open air. 

Evidently the solutions of ferrous chloride in the alcohols oxidize much 
more quickly than its solution in water. For the aqueous solution of 
ferrous sulfate in the presence of 0.1 normal sulfuric acid the value of k, 
taken over a couple of years at an average temperature of IS^C., is 0.000,012 
(1). In 87 per cent (weight per cent) ethyl alcohol with 0.01 normal 
hydrochloric acid the oxidation is thirty-six times faster; in methyl al- 
cohol three hundred and eighty times and in ethyl alcohol four thousand 
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Relative oxidation of ferrous chloride in edeoholie solutions' 
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t **Air^* refers to experiments performed in the open air; ^‘dry"' to experiments performed in dry ai 
t The time, in hours, over which the constant value of k is obtained. 

( d reinresents a decrease in A;, i an increase. 
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times faster; while in the higher alcohols the action is up to one hundred 
times faster than in ethyl alcohol. 

The speed of these oxidations varies greatly with the water content of 
the alcohols used, with the acidity of the solutions, and probably with 
other factors, as is usual in chemical velocity experiments. The alcohols 
were dehydrated with potassium carbonate and distilled in dry systems. 
It was noticed that the oxidations in the open air (moist) proceeded faster 
than those in the desiccator (dry air), — e.g., experiments No. 5 and 6 with 
ethyl alcohol; with isopropyl alcohol a similar difference was noticed; 
with the higher alcohols the difference was similar but smaller. Other 
experiments indicate that water retards the oxidation, but the evaporation 
of the alcohols may be greater in the open air. In the experiments with 
dry air the volume of air in the desiccator itself was more than sufficient 
to oxidize the samples completely, apart from the slow current of air 


TABLE 2 

V«lws of k for oxidation of ferrous chloride in alcoholic solutions 


aOLVBMT ALCOHOL 

k 

In dry air 

In the open air 

Methyl alcohol 


0.0046 

Ethyl alcohol (99.5 per cent) 

0.049 

0.094 

n-Propyl alcohol 


0.28 

Isopropyl alcohol 

0.039 

0.061 

n-Butyl alcohol 


0.41 

Isobutyl alcohol 

0.51 

0.62 

(erl-Butyl alcohol 


0.65 

n-Amyl alcohol 

0.13 


Isoamyl alcohol 

0.13 


Isocaprylic alcohol 


4 


which continued during the oxidation; only in experiment No. 3 was air 
not present in this large excess. 

The values of k in table 1 are therefore approximate; they refer to the 
first few hours of the oxidation. The further complications produced 
by the ferric salt formed and by the action of light would preclude any 
satisfactory value of k being found over a long period. On account of the 
above disturbing factors the influence of temperature on k could not be 
observed. The results undoubtedly indicate the faster oxidation in the 
higher alcohols. 

n. THE INFLUENCE OF WATER ON THE OXIDATION OF 80LUTI0NB OF FERROUS 

CHLORIDE IN ALCOHOLS 

Various amounts of water were added to solutions of ferrous chloride 
in the different alcohols; these solutions were allowed to oxidize for a 
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suitable iime in the open air, and the remdual ferrous salt was then esti- 
mated. The results are summarised. in tables 3 and 4 and in figure 1. 
The diminution in the rate aS oxidation is most marked with the hi|^er 
alcohols, and it is least with methyl dcohol. With ethyl alcohol solu- 
ticns, 1 cent of dissolved water reduces the oxidation to 80 per cent 
of that occurring in absolute alcohol; 2 per cent of water reduces the 
oxidation to 62 per cent, 10 per cent of water reduces it to 9 per cent, and 
'20 per cent of water reduces it to 3.5 per cent. Also, addition of alcohol, 
up to 50 per cent by weight, to acid aqueous solutions of ferrous chloride 
had no effect on the oxidation over 11 days. 

The solutions of table 4(B) were made by adding small quantities of 
85 per cent alcohol to the ferrous chloride solution in 99.4 per cent ethyl 
alcohol; the aqueous solutions with isocaprylic alcohol were made simi- 
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Fia. 1. Relation between the oxidation of ferrous chloride and the per cent of 
water in the alcoholic solutions used. Curve 1, methyl alcohol; curve 2, ethyl 
alcohol; curve 3, n-butyl alcohol; curve 4, isocaprylic alcohol. 

larly, for water alone was not readily soluble in that alcohol; also in the 
isoamyl alcohol the whole of the added water did not perhaps dissolve. 
In table 4 the second column gives the oxidation relative to that which, 
from extrapolation, would have occurred in absolute (100 jier cent) 
alcohol; the third or last colunm gives the oxidation relative to the original 
amount (tf ferrous salt present. Table 4(A) indicates that the oxidation 
in absolute alcohol would exceed the original ferrous salt present; this 
pmiiaps indicates a more complex oxidation, which is confirmed by the 
gascHnetric experiments later. To make this presentation clear: 5 cc. of 
tiie first solution of table 4(A), ferrous chloride in 98.7 per cent alcohol, 
which at the start needed 1.73 cc. of 0.1035, W ceric sulfate solution to 
^dise the ferrous salt, after 20 hr. needed 0.27 cc. of ceric sulfate sdu- 
thus the ferrous salt oxidised in the 20 hr. was equivaleslt to 1.46 cc. 




OXIDATION OP FERROUS CHLORIDE IN ALCOHOLS 


973 


of ceric sulfate solution, i.e., 84 per cent of the ferrous salt was oxidized; 
but by extrapolation the oxidation in the 100 per cent alcohol would have 

TABLE 3 


Relative amounle of ferroue chloride oxidized in, alcoholic solutions containing water 


PBB CBirr WATMB 

(1) 

(2)* 

(8) 

( 4 ) 

(6) 

(6) 

(7) 

(8) 

< 9 ) 

(10) 

(11) 

g| 

s 

i 

jS 

6^ 

e 

gi 

1 

e 

I80PR0PTL 

ALCOHOL 

e 

si 

a 

^ 1 

n-AllTL 

ALCOHOL 

4 

1 ^ 

180CAPRTLIC 

ALCOHOL 

0 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

1,2 

85 

73 


63 

46 

44 


83 

68 

66 

(16) 

2.4 

72 

54 

50 

50 

24 

16 

37 



51 

(0) 

4.8 

56 

30 

37 


2 

4 




32 


Hours 

22 

6 

2 

1 

3 

2 

4 

1 

2 

2 

2 

Temperature, ®C . . 

15 1 

18 

14 

18 

10 

17 

18 

29 

11 

12 

12 

Per centt 

30 


55 

39 

71 

66 

73 

89 

46 

35 

(20) 


* Column 2 is extrapolated from table 4(A). 

t Per cent ferrous chloride oxidized in the 100 per cent alcohol in the same time. 


TABLE 4 

Relative oxidations of ferrous chloride in ethyl alcohol solutions 



WATBR 

OXIDATION RBLATIVB 
TO THAT IN AB80LUTB 
ALCOHOL 

OXIDATION RBLATIVB 
TO FBBROtlS BALT IN 
ORIGINAL BOLUTION 

(A) 0.036 N solution; 20 
hr. at 19*C. 

per cent 

0 

1.3 

3.8 

6.2 

8,7 

11.1 

16.0 

« 

(100) 

69 

46 

21.5 

11.5 

7.5 

3.5 

121 

84 

55 

26 

14 

9 

4 


0 

(100) 

93 


0.6 

89 

82 


0.9 

83 

77 

(B) 0.05 N solution; 6 hr. 

1.1 

79 

73 

St IS-C. 

1.4 

74 

68 


1.6 

71 

66 


1.9 

65 

61 


2.5 

53 

49 


been 2.1 cc. of ceric sulfate solution, so that the oxidation in the 98.7 
per cent alcohol was 69 per cent of that which would have occurred in the 
100 per cent alcohol. The results of tables 4(A) and 4(B) agree reasonably 
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TABLE 5 

Effect on the oxidaii^ of alcoholic aoluiiona of ferrouc chloride 


BSLATCVl OXIDATION IN 


BBAOSMT U»ND PNR 5 CC. OF 
Atiooatoiiio lOLunoN 

MQuiB or 

BBAOBNT 
ADDBD 
PBB UTBB 

KOLBa OF 
WATBB 
ADDBD 
FBR 
UTBB* 

99.4 per cent ethyl aloohol 

n-Fropyl 

aloohol 

Tt 

n-Butyl 

aloohol 

wt 

xt 

Yt 

0 

0 

0 

100 

100 

100 

100 

100 

0.05 cc. water 


0.65 

67 

47 


61 

41 

0.15 cc. water 


1.65 

21 





0.30 oc. water 


3.3 

4 





0.06 cc. 96% HjSO. 

0.17 

0.04 

260 

25 

42(b) 

28 

31(b) 

0.1 CO. 96% H.SO. 

0.36 

0.09 


17 

33 (b) 



0.2 cc. 96% HsSOi 

0.72 

0.18 


14 

23(b) 



0.6 CC. 96% H,S04 

1.7 

0.45 


7 




0.06 cc. 10 M HNO« 

0.1 

0.35 

32 





0.06 CO. 11 M HCl 

0.1 

0.45 




62 


0.076 CC. 11 Af HCl 

0.16 

0.65 

61 



57 


0.1 cc. llilf HCl 

0.2 

0.9 


34 




0.1 cc. acetic acid 

0.3 



67 




0.02 g. boric acid 

0.06 




100 



0.05 g. boric acid 

0.16 




89(«^> 

85(«) 


0.10 g. boric acid 

0.32 



59 

720 



0.02 g. Buccinio acid . . 

0.03 




65 



0.05 CC. 90% HJPO 4 

0.17 

0.09 

77 



88 


0.6 CC. 90% Ha*04 

1.7 

0.9 

59 





0.1 g. sugar 




96<»> 




Calcite 



100 

91 




0.1 g. zinc oxide 



82 





0.1 g. magnesia 




91 




Platinum, bright or black. . 



96 





0.05 cc. 1 M NaNOa solution 

0.01 

0.5 

40 





0.05 cc. 1 Af NaNOs solution 








+ 0.05 cc. HaS04 

0.01 

0.55 


1200 




0.10 cc. 1 M NaNOa solution 








-f* 0.05 cc. H 3 SO 4 

0.02 

1.15 


2000 




0.06 cc. 0.6 M NaOH in 








alcohol 

0.006 




106('> 

1 


0.2 cc. 0.6 M NaOH in 






i 


alcohol 

0.024 




100(0 




* 99.4 per cent ethyl alcohol contains 0.25 mole of water per liter; this is not 
included in column 3. 

t Experiment W was for 116 min. at 12®C.; original ferrous chloride was 0.0874 N; 
blank oxidation •> 50 per cent. Experiment X was for 97 min. at 13^C. ; original 
ferrous chloride was 0.0747 iST; blank oxidation •• 50 per cent. Experiment Y was 
for 79 min. at lO^’C.; original ferrous chloride was 0.1102 iV; blank oxidation 42 
per cent. Experiment T was for 75 min. at 17®C.; original ferrous chloride was 
0.0485 iNT; blank oxidation 52 per cent. 

mth 0.08 cc. of 96 per cent sidfuric acid; with 100 per cent sulfuric add; 
(Oinoi^pletesdutten of reagent; trouble with titration; <•> trouble with titradon 
and oxidation is complete; <'> precipitate formed. 
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closely; in table 3 columns 3 and 4 indicate the agreement of duplicate 
experiments. 

III. EFFECTS OP BEAGENTS ON THE OXIDATION OF FEBBOUS CHLORIDE 

SOLUTIONS IN ALCOHOLS 

The results are given in table 5. The influence of water has been dis- 
cussed. The presence of acids decreases the oxidation of the ferrous salt, 
strong acids having a greater influence than weak acids; the effects of 
water and acid are roughly additive. In contradistinction to the be- 
havior of aqueous solutions of ferrous salts, in the alcoholic solutions 
phosphoric acid behaves normally and does not increase the oxidation. 
Platinum and basic substances do not increase the oxidation. Oxides of 
nitrogen, but not nitrites, do catalyze the oxidation, as they do also in 
aqueous solutions. 


TABLE 6 


Electrical conducliviiies of alcoholic eoluiions of ferrous chloride during oxidation 


TIME 


k AT 20*C. 

TIME 


k AT 20"C. 

In 98.2 per cent ethyl alcohol 

In 99.5 per cent ethyl alcohol 

hourt 


ohm€ per cm. 

houre 


ohms per cm. 

0 

0.1670 

0.000866 

0 

0.1627 

0.000674 

20 

0.1088 

0.000936 

17 

0.1011 

0.000980 

47 

0,0375 

0.001325 

43 

0.0156 

0.000919 

96 

0.0117 

0.001323 

66 

0.0069 

0.000864 

In isopropyl alcohol 

In isopropyl alcohol 

0 

0.1053 

0,000084 

0 

0.0567 

<0.000187 

49 

0.0008 

0.000158 

0.25 

0.0519 

0.000197 




26 

0.0367 

0.000294 




116 

0,0158 

0,000447 


IV. ELECTRICAL CONDUCTIVITIES OF ALCOHOLIC SOLUTIONS OF FERROUS 
CHLORIDE DURING OXIDATION 

The solutions were oxidized in a current of dry air at room tempera- 
tures, and their specific electrical conductivities were determined at vari- 
ous times in a thermostat at 20°C. Typical results are given in table 6, 
where tib^e first column gives the time in hours for which oxidation has 
proceeded, the second column gives the normality of the ferrous salt 
remaining at that time, and the third column gives the electrical conduc- 
tivity (ohms per centimeter units) at that time. 

The conductivity increases with the time, i.e., as oxidation occurs, and 
it may become double its original value. In ethyl alcohol, after the oxida- 
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tioa k Bearly oomplete* the ecnutodivftijr decreases slightly with furtiier 
oxidation. As the change in the nonnalily is easily followed and is more 
pronounced than the change in k, and as tiie interpretatimi of the latter 
change is beset with doubts, tixere seemed no reason to follow tiiis line of 
work further. 


y. GASOMBTBIC BXPEBmSNTS 

When solutions of ferrous chloride in alcohols were allowed to oxidise 
in known volumes of air or or^gen at room tonperatures, the oxygen 
absorlM (i.e., the contraction in voliune) was found to be greater than 
was expected. When the solution was placed directly over mercury in a 
eudiometer, the absorption of gas proceeded for months, but here the 
mercury reduced the ferric salt continuously and mercurous chloride was 
formed. Even when the solution was out of contact with the mercury 
the absorption of gas was two to three times greater than expected. 

Some typical experiments will be described: (f) A solution of ferrous 
chloride in 86.3 per cent ethyl alcohol was allowed to undergo oxidation 
in air over mercury. The theoretical absorption (2FeCls + ^Ot) was 
1.52 cc. of oxygen at N.T.P. (All the gas volumes mentioned are at 
N.T.P.) A fairly regular absorption of 0.1 cc. per day occurred for the 
first 17 da3's; the absorption was then slower, 0.03 cc. per day, for the 
next 80 days; at the 150th day 0.02 cc. was still being absorbed per day. 
The total absorption was 1.7 cc. in 14 days, 3.9 cc. in 100 days, 4.9 cc. in 
150 days, and 5.6 cc. in 185 days. A brown precipitate appeared in the 
liquid in 30 days, and yellow particles of mercurous chloride were noticed 
in 100 days. At the end there was still a little ferrous salt in the solution 
and considerable acetaldehyde. If the absorption in the absence of 
mercury is 

2FeCl, + JO, FeOCl + FeC!U (1) 

then absorption with the addition of the complete reaction with the 
mercury will be 

2FeCl, + 4Hg + 10, + 3H,0 2Fe(OH), + 4HgCl (2) 

More oxygen is absorbed than equation 2 requires; evidently some oxida- 
tion of the alcohol occurs as well. 

(5) Ferrous chloride in 99.5 per cent ethyl alcohol was allowed to un- 
dergo oxidation in oxygen over mercury. The theoretical oxygen ab- 
scoption was 1.65 cc. The oxidation was very rapid for 20 hr. (2.9 cc.), 
and then much slower. The total absorption was 3.2 cc. in 5 da3rs. 

(5) Ferrous chloride in n-butyl alcohol was allowed to undergo oxidation 
in oxygen over mercury. The theoretical oxygen absorptitm was 1.34 cc. 
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The oxidstion slackened in 3 days (3.0 cc.) ; in 22 days the absorption was 
3.6 cc. The final solution contained little or no ferrous salt, a trace of 
aldehyde, a brown precipitate in the body of the liquid, and a yellow- 
ish precipitate (HgCl) on the mercury. This experiment is similar to 
experiment 2. 

( 4 ) Ferrous chloride in 99.5 per cent ethyl alcohol in a glass tube, and 
not in contact with mercury, was exposed to oxygen. The theoretical 
oxygen absorption, corrected for the ferrous salt left at the end of the ex- 
periment, was 7.89 — 3.89 == 4.0 cc. The oxygen absorption was regular 
(the gas diffused slowly into the glass tube), and the rate of absorption 
had not slackened at the end of 13 days when the total absorption had 
amounted to 5.6 cc. Acetaldehyde was present at the end of the experi- 
ment and a fruity odor was noted, which was also noticed in the oxidation 
experiments with the ethyl alcohol solutions in the desiccators (ethyl ace- 
tate?). 

(5) Ferrous chloride in 99.5 per cent ethyl alcohol was placed over a 
layer of maize oil over mercury. The theoretical oxygen absorption was 
3.28 cc. Rapid oxidation occurred to the second day (4.2 cc.), then r^u- 
lar absorption of 0.3 cc. of oxygen per day for 40 days with no sign of 
stopping. The alcoholic solution was uniformly brown by the fifth day 
(absorption 5.2 cc.), while the maize oil was bright yellow; later the oil 
also became brown. Evidently the ferrous or ferric salt diffused slowly 
through the oil. On the 50th day the absorption was 17.7 cc. Any film 
of mercurous chloride on the mercury was very slight. 

( 6 ) Ethyl alcohol in oicygen over maize oil over mercury showed the 
very slight absorption of 0.15 cc. of oxygen in 30 days. 

(7) Ferrous chloride in tertiary butyl alcohol was placed in a glass tube 
in the eudiometer. After 15 days at 30'’C. the oxygen absorbed was 2.5 
cc., and no more was absorbed in 14 more days at room temperatures; at 
this time the alcohol was solid. Allowing for the amount of ferrous salt 
left, the theoretical absorption was 2.5 cc. The initial action therefore 
is the simple bimolecular one. 

(8) Ferrous chloride in itr-butyl alcohol was placed in a glass tube in the 
eudiometer in contact with oxygen. The theoretical absorption was 5.1 
cc. In 31 days 6.0 cc. of oxygen was absorbed. 

( 9 ) A solution of ferric chloride in ethyl alcohol was placed over maize 
oil in contact with oxygen. The oxygen absorbed was 0.2 cc. per day 
over a period of 8 days. The final solution contained a trace of ferrous 
salt and of acetaldehyde. The oxidation of ferrous chloride in ethyl 
alcohol and other alcohols is evidently complicated by the oxidation of the 
alcohols, especially as the ferric salt accumulates, though the action 
starts off simply as a bimolecular action. 
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VI. laSCBLLANBOTnS SXPBBIMBNT8 

(o) A solution of ferric chloride (0.06 M) in 98.6 per cent ethyl alcohol 
after ^ days in a dark cupboard, or after 4 days in a thermostat at 30®C. 
in diffused Hght, contained no acetaldehyde and no ferrous salt. 

(6) Acetaldehyde, added to such a ferric salt solution, reduced none of 
the ferric salt in 4 days in the dark; similar results were obtained with an 
aqueous solution of ferric sulfate. 

(c) Ceric sulfate does not oxidize acetaldehyde quickly; or, acetalde- 
hyde does not interfere with the titration of ferrous salt by ceric sulfate. 

(d) Alcoholic solutions of ferric chloride are rapidly reduced by sh aking 
with mercury; aqueous solutions are similarly reduced. 

(e) In the presence of sunlight, alcoholic ferric chloride solution is 
rapidly reduced and acetaldehyde is formed. (Acetaldehyde was de- 
tected, and roughly estimated, by Schiff’s reagent, — a method having 
limitations.) In the above solution on exposure to sunlight for 22 hr., 40 
per cent of the ferric salt was reduced; when air was above the solution 
the reduction was a little less than when carbonic acid gas only was pres- 
ent. Another solution in sunlight for 9 hr. suffered 80 per cent reduction. 
This action has been much investigated (2). It was confirmed that the 
action in sunlight was of zero order, i.e., independent of the concentration 
of the ferric chloride; also that water (1 to 2.5 per cent) increased the 
reduction (up to 10 per cent), and that concentrated hydrochloric acid 
solution (1 to 2.5 per cent) decreased the reduction (up to 20 per cent). 
In the presence of air the ferrous salt obtained is (naturally) less, but the 
acetaldehyde (etc.) may be the same. 

(J) Alcoholic ferric chloride solution on slow distillation gave acetalde- 
hyde in the distillate and a little ferrous salt in the residue. The solution, 
refluxed for an hour and then distilled, produced more acetaldehyde and 
more ferrous salt (6 per cent reduction). Some unknown acid was also 
present in the distillate. 

Thus the action between ferric chloride and ethyl alcohol is negligible 
in the dark or in diffused light, is slow at the boiling point, and is rapH 
in sunlight at room temperatures. 

{g) In one series of experiments on the rate of oxidation of ferrous 
chloride in ethyl alcohol the solutions were tested at intervals for acetalde- 
hyde. The results indicate that the aldehyde appeared only when the 
oxidation had proceeded to the extent of 80 or 90 per cent and the 
aldehyde was formed more rapidly after that stage. These tests, involving 
the quantitative use of Schiff’s reagent in the presence of many other 
substances, must be regarded as approximate. 

Thus oxidation of the ferrous salt (equation 1) is the primary action; 
it is followed by the oxidation of the alcohol, the ferric chloride acting as a 
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catalyst, i.e., being reduced and reoxidized at a relatively constant rate. 
This last action is certainly complex, but it may be presented simply as: 

FeOCl + Fed, + C,H,0 ^ 2FeCl2 + C2H4O + H2O (3) 

This last action would continue indefinitely or until the presence of water 
slackened the action either directly or by favoring precipitation of the iron 
as basic ferric salt. However, there may be some simultaneous oxidation 
of the ferrous salt and the alcohol, as 

2FeCl2 + O2 + dHeO FeOd + FeCl, + C2H4O + H2O (4) 

and this action may occur even from the start. The production of water, 
according to equation 3 or equation 4, would explain the increase in elec- 
trical conductivity and the decrease in the rate of reaction with time. 
The latter feature is not marked with the higher alcohols. Against re- 
action 4 is the fact that some of the alcohols used are ^ot easily oxidized, 
and yet the oxidation of the ferrous salt is rapid. 

The behavior of ferrous chloride with methyl alcohol is probably akin 
to that with ethyl alcohol, but with the higher alcohols the iron com- 
pounds precipitate more easily and the secondary reactions may be less 
prominent. The rapid rate of oxidation of ferrous chloride in alcohols may 
be connected with the continued neutrality of the solutions; the aqueous 
solutions readily become acid, owing to hydrolysis of the ferric salts, and 
thus the rate of oxidation slackens. 

VII. NOTES ON THE EXPERIMENTS 

The solubility of ferrous chloride decreases as the molecular weight of 
the alcohol rises. The solutions of table 1 are roughly saturated, except 
for the methyl and ethyl alcohol solutions. These solutions are originally 
pale yellow or greenish yellow, and become browner as oxidation proceeds; 
with the higher alcohols the solutions become turbid brown. The solu- 
tion of ferrous chloride in isobutyl alcohol gave an immediate brick-red 
suspension, which did not entirely clear on filtering through a porous glas-s 
plate. Most of the solutions were filtered thus in an atmosphere of dry 
hydrogen. 

The isoamyl alcohol used was isobutylcarbinol, b.p. 131. 5°C. The 
isocaprylic alcohol, b.p. 178®C., was 2-octanol or methylhexylcarbinol. 
The solubility of ferrous chloride in this alcohol was so slight that the 
results are approximate. 

Preliminary experiments proved that ferrous chloride may be estimated 
in the presence of alcohols by titration with ceric sulfate solution. Di- 
phenylamine or AT-phenylanthranilic acid, dissolved in concentrated 
sulfuric acid, was used as indicator. The second indicator is perhaps the 
more sensitive. The titration proceeds normally in the presence of 50 
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per cent alcohol, but it is better to keep the aleoh(^ ecuieeutration less 
than this. The average sohiHon to be titrated ecuitamed 5 oc. of the aleo- 
hohc sedation of ferrous chloride, 5 oo. of water, 5 oc. of 10 ilT sulfuric 
add, and 2 cc. of concentrated phosphoric acid. With less acid, and with 
hydrodhloric add instead of eidfuric add, the end point is less smsitive. 
With a greater proportion of alcohol the salts may pree^itate out during 
the titration, again making the end point less sensitive; in these cases the 
results tend to be lugh. Those alcohols which readily separated from the 
aqueous solution were kept emulsified by shaking; these titrations were 
thwefore more tedious and more likely to be overshot, but back-titrations 
witii ferrous chloride solution could be used to check these end points. 
In the presence of the alcohols the end points faded with time, but not fast 
enough to affect the titration. 


vin. smoiABT 

Solutions of ferrous chloride in alcohols are oxidized in air or oxygen 
much more quickly than the aqueous solution; in all these solvents the 
action is bimolecular with respect to the ferrous salt concentration. As 
the molecular weight of the alcohol increases, the rate of such oxidation 
increases, and the solubility of the ferrous chloride decreases. 

Water and acids decrease rapidly the oxidation in these alcoholic solu- 
tions, tiiis decrease being more prominent with the solutions in the higher 
alcohols. 

The electrical conductivities of the alcoholic solutions increase during 
the oxidation. 

The oxidation of ferrous chloride in alcohols is complicated by the oxida- 
tion of the alcohol to the aldehyde, either by the action of the ferric salt on 
the alcohol or by the simultaneous oxidation of ferrous salt and idcohol 
under influence d the ferric salt. More oxygen is used than would be 
expected from a normal oxidation,— in some experiments two to three 
times as much oxygen. The presence of light, mercury, water, and acids 
also affects tiiese actions. 

Ihe author wishes to thank Mr. £. Crimmins for helping in this work 
and The Shell Oil Co. (Australia) for donating the tertiary butyl alcohol. 
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In previous investigations (1, 2) anomalies of diffusion were observed 
that were at first not readily explained. Quinone diffused in pure water 
according to Fick’s law with a well-defined diffusion coefiScient, agreeing 
with the value that could be derived from the molecular weight, but if the 
quinone were allowed to diffuse in a uniformly distributed salt solution, 
for instance, in a solution of potassium sulfate, diffusion proceeded so 
irregularly that no constant could be determined. The well-known 
method of Oeholm and a similar one were used. In both, the solution of 
quinone was covered with a solution of the same composition but free of 
quinone, and after a certain time the column of liquid was carefully divided 
into layers which were analyzed. The characteristic anomaly in the salt 
solutions consisted in the appearance of too large amounts of quinone in 
the top layers of the column. It seemed as if a convection current had 
started and had transported some of the quinone solution upward. The 
density gradient at the outset was correct, i.e., the liquid above was dis- 
tinctly less dense than the quinone solution below. 

G. S. Hartley (3) suggested that this behavior might be due to the fol- 
lowing mechanism: A uniformly distributed solute could show a so-called 
“diffusion retrograde,” i.e., it might become unequally distributed if a 
second solute were allowed to diffuse in the liquid, the unequal distribution 
occurring mainly where the concentration gradient was steep near the 
juncture of the two solutions. This may result from a general type of 
Donnan effect. Owing to a mutual change in solubility, the potassium 
sulfate in the qtiinone solution develops other forces than in pure water, 
and these fields of force produce an unequal distribution of the potassium 
sulfate. This unequal distribution of the potassium sulfate, occurring 
during the process of diffusion, may cause an inadmissible density gradient, 
although t^ latter started out correctly. Thus, a thin layer of the liquid 
at the junction of the two solutions becomes less dense than the solution 
above. This irr^iular density gradient may produce convection currents, 
which disturb the normal process of diffusion. The correctness of this 

^Bsriia-Wilmandorf, Qenaiuuiy. 
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explanation waa proved by reducing^the concentration of the pure potaa- 
sium sulfate solution above to a sufSciently marked degree so that it was 
less dense than the solution of potassium sulfate and quinone below. 
The anomalies then disappeared. 

It was not proved by analysis that the uniformly distributed solute - 
actually changed its concentration near the borderline of the two solutions, 
owing to the diffusion of the second solute. Under the conditions of the 
experiments mentioned this would have been difficult to do, because it 
would have meant the determination of a small change in the concentra- 
tion of a concentrated solution of a salt such as potassium sulfate. Since 
the effect is due to a mutual change in the solubility of the solutes, it 
should be possible to interchange them. If the quinone is uniformly 
distributed at the outset, and potassium sulfate is diffusing, owing to a 
strong concentration gradient, a change in the distribution of the quinone 
should be observed near the junction of the two solutions. Quinone can 
be determined very exactly by an iodometric method (7), hence it was 
likely that a change in its distribution might be determined. This direct 
proof appeared to be desirable, since experiments on “diffusion retrograde” 
have been performed infrequently (3, 6). 

The following experiments were done under conditions similar to those 
described previously (2) (cf. Tables III to IX). In the first of the previous 
papers it was found that potassium chloride, in contrast to potassium 
sulfate, showed a less marked anomaly of diffusion. In the first experi- 
ments the concentration of quinone was rather small, 27.8 nullimoles per 
liter. In parallel experiments potassium chloride and potassium sulfate, 
both about 1 normal in a solution of quinone (27.8 millimoles per liter), 
diffused into an aqueous solution of quinone, also containing 27.8 milli- 
moles per liter. Diffusion was allowed to go on only for a short time, as 
long as no salt had permeated to the top of the diffusion cylinder; hence 
the concentration gradient on the borderline of the two solutions always 
remained steep. The results are given in table 1 . 

There was no change in the distribution of the quinone when potassium 
chloride was diffusing, but a very distinct change was observed mth 
potassiiun sulfate. The quinone had a tendency to pass out of the potas- 
situn sulfate solution and to accumulate in the aqueous solution; hence 
there Was a decrease in the quinone concentration just below the liquid 
junction and an increase above. 

At a somewhat Ugher concentration of quinone— 55.6 miUimdes per 
liter — a change of concentration was also shown in the presence of a 
concentration gradient of potassium chloride, as was to be e;q>ected. 
The concentration of the salt was 1 nomud. Two experimenta gave 
similar results; the results of one experiment are shown in figure 1, Here 
the distribution of the diffusing salt is also represented) and the decrease 



DIFFUSION OF QUINONE IN SALT SOLUTIONS 


983 


of the quinone concentration below the junction and the increase above 
are seen clearly. The abscissae are the layers of the column of difiFusion. 
The ordinates on the left-hand side refer to the continuous lines repre- 
senting the concentration of potassium chloride, in per cent of the original 
concentration; the ordinates on the right-hand side refer to the dotted 


TABLE 1 


Diffusion of potassium chloride and potassium sulfate in a 0M78 normal solution 

of quinono* 

T « 11.6 hr.; t - 19.1®C. 


LAYBKt 

DIFFUSION OF POTASSIUM CHLOBIDB 

h * 0.75 cm. ; c * 1 mole per liter 
AMOUNT or QUINONS TlTRATBDt 

DIFFUSION OF POTASSIUM SULFATB 
h 0.70 cm.; e « 0.04 equivalent 
per liter 

AMOUNT OF qXnNONB TITRATED 

33-25 

5.37 

5.52 

25-20 



20-15 

5.34 

5.50 

16-10 

5.37 


10-5 

5.38 

5.54 

6-0 

5.39 

5.41 

0-5 

6.37 

5.24 


* /i « height of the layer; r » duration of diffusion; t *= temperature; c =» initial 
concentration of the salt solution. 

t 0 indicates the borderline of the two solutions; 33-25 indicates the top layer. 
t Cubic centimeters of a 0.02 normal solution of thiosulfate needed for 2 cc, of 
quinone solution. 
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Fio. 1. Concentration gradient of potaseium chloride; quinone uniformly dis- 
tributed. h — 0.80 cm. ; T •• 11.5 hr. ; ( - 25.6°C. ; c (potassium chloride) » 1 normal ; 
c (quinone) 0.0556 molar. , potassium chloride; , quinone. 


lines, which indicate the concentration of quinone given in cubic centi- 
meters of a 0.02 normal solution of thiosulfate needed for titrating 2 cc. 
of the liqtud in the diffudon column. 

The results with potassium sulfate were confirmed by four further 
^speriments (two groups of two parallel experiments). They were done 
with special care, uang the smaller ooncentration of quinone (27.8 milli- 
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nudes per liter). Hie experiments of the first group will be diseussed more 
fuUjr. Pure quinone mid potsssium sulfate were used. The aqueous 
solution and the one oontaining salt had exactly the same ooneentration 
of quhume. Two cubic centimeters of the solutions needed 6.06 and 
6.06 cc., respectively, of a 0.02 normal solution of tiiiosulfate for titratimi. 
Table 2 gives the complete results of one experiment in this group; the 

TABLE 2 

Diffuaion of polaaaium aulfate in a 0.0S7S normal aoluUon of quinone 
h - 0.70 cm.; r - 10 hr.; t 21.8®C.; c •• 1 equivalent per liter 


LATBB 

AMOUMT OF QUIMOWB TITBATBD 

Aotual determinations 

Mean value 

33-15 

6.58; 6.58; 5.59 

6.68 

15-10 

6.72; 6.69 

5.70 

10-5 

6.77; 6.74 

5.76 

5-0 

6.64; 6.61 

6.62 

0-6 

6.48; 5.45 

6.46 

6-10 

6.46; 6.40 

6.42 

10-16 

6.64; 6.66 

5.66 

16-20 

6.64; 5.61 

6.62 

20-26 

6.64; 5.66 

6.66 

25-30 


Constant 



Fig. 2. Concentration gradient of potassium sulfate; quinone uniformly dis- 
tributed. h » 0.70 cm.; r ■> 10 hr.; t ■> 22.4 ®C.; c (potassium sulfate) 0.827 nor- 
mal ;c (quinone) « 0.0278 molar. 

seo(md was in good agreement, and both confirmed the results g^ven in 
table 1. 

In figure 2 the results of an experiment of the second group me given in a 
manner similar to figure 1. Again the distribution of the diffiiaing salt 
was determined, and the decrease in concentration oS quintme below the 
junction and the increase above were very marked. The difference be- 
tween the highest and lowest value of the quinone coimentration observed 
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was 6.1 per cent of quinone (table 2). For the second experiment of this 
group with potassium sulfate it was found to be 5.7 per cent. In the 
experiments with potassium chloride the corresponding differences in 
quinone were 2.7 per cent (</. figure 1) and 2.3 per cent, respectively. 

It is obvious that a similar change in distribution must occur if quinone 
diffuses in a solution of potassium sulfate, the salt being uniformly dis- 
tributed at the outset, and that this effect may cause the disturbing 
anomalies previously investigated. To a minor degree this also holds for 
the diffusion of potassium chloride. 

Some experiments with uniformly distributed succinic acid in a field of 
diffusion of sodium chloride and potassiiun chloride, respectively, were in 
good agreement with these results. According to Iinderstr0m-Lang (5) 



Fig. 3. Relative solubilities of quinone in salt solutions. The solubility of 
quinone in water is taken as 100. 

Fig. 4. Concentration gradient of potassium nitrate; quinone uniformly dis- 
tributed. h » 0.70 cm. ; r 11.5 far. ;( B 21.5*’C. ; c (potassium nitrate) >>1.5 normal ; 
e (quinone) •• 0.0833 molar. 

the solubility of succinic acid is reduced more strongly by sodiiun chloride 
than by potassium chloride. We found a distinct shift of concentration 
of the succinic acid with sodium chloride and a smaller one with potassium 
chloride, both in the same direction as in the preceding experiments with 
quinone, i.e., an increase in concentration on the water side and a decrease 
on the salt side of the borderline. The original concentration of the 
sucoinio acid was 254 millimoles per liter and that of the salt solutions was 
2 moles per liter; the temperatures were 20.9° and 20.1'’C., respectively. 

As was mentioned above, we must assume the forces affecting the 
solubilities of the solutes to be the cause of this phenomenon. If this be 
so, it may be expected that substances which increase the solubility of 
quinone should produce a ebift of concentration of the quinone in the 
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0 |:q;> 0 B|te cUre<^n, i.e., an iDoreaw on tiie salt «de i)nd a deonease on the 
wator side of the borderline. Kra 3 d^ and Coiunar Bolnnstni (4) have 
investigated the salting-out and. sslting-in effects of a Eminber of salts 
upon qninone« Some of their results are represented in figure 3; the 
abscissae «*e the salt concentrations, c, in moles per litei^ and the ordi- 
nates are tbe solnbilities of quinone, L, on a relative scale, the solubility 
in pure water being taken as 100. 

^yiously we might expect particular strong effects in the oppotste 
direction for potassium thiocyanate and potassium iodide, but both have a 

TABLE 3 

Diffiision of potataium nitrate in a 0.08SS normal solution of quinone 
h •• 0.70 cm. ; T = 11.6 hr. ; t »■ SLO'C. ; c “ 1.6 moles per liter. The solution in the 
diffusion column contained 0.01 mole of hydrochloric acid per liter 


LATBX 

AMOUNT OF QUIMONB TITRATED 

POTASUUM KITBATE 
COMCBMTRATION 

XN PER CENT OF ORIGl- 
HAL CONCEMTRATIOK 

Actual determinations* 

Mean value 

30,6-26 

8.30; 8.31 

8.306 

1.0 

26-20 



1.9 

20-16 

8.30; 8.32 

8.31 

2.6 

16-10 

8.30; 8.27; 8.27; 8.29 

8.28 

7.1 

10-6 

8.30; 8.31 

8.306 

18.7 

6-0 

8.36; 8.37 

8.365 

38.6 

0-6 

8.44; 8.44 

8.44 

62.8 

6-10 

8.41; 8.46 

8.436 

79.8 

10-16 

8.42; 8.43 

8.426 

94.0 

16-20 

i 8.37; 8.38 

8.375 

96.9 

20-26 



98.3 

26-30 

8.39; 8.36 

8.37 



Amount of quinone titrated in original aqueous solution, 8.36, 8.34; 
mean value, 8.346 

Amount of quinone titrated in original potassium nitrate solution, 8.38, 8.4Q; 

mean value, 8.39 

* GuImo centiliters of a O.Ql normal solution of thiosulfate needed for 1 qc. of 
quinone solution. 

certain tendency to react with quinone and can therefore not be used. 
Potassium nitrate seemed to be the most hopeful substance, since it caused 
a considerable increase in solubility of the quinone without tending to 
react i& any marked degree. The first experiment gave a small effect in 
the direction that had been expected, but it was not quite satisfactory. 
Titration values of the same layer did not agree as well as desired. A 
second* expeiimait was done with special care. The potassium nitrate 
solution was 1.5 normal, and both the salt and the aqueous solution were 
0.01 normal as to hydroddoric acid, quinone being more stable in weakly 
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acid solutions (5). The quinone concentration was somewhat higher than 
in the previous experiments, — ^namely, 83.3 millimoles per liter. The 
samples were taken with carefully standardized 1-cc. pipets having a 
particularly good outflow. This experiment showed beyond doubt (c/. 
table 3 and figure 4) that again the uniformity of distribution of the quinone 
was disturbed by the diffusing salt, but now, as had been expected, in the 
opposite direction, as an increase in the concentration of quinone was 
found on the salt side of the borderline and a decrease on the water side. 

Figure 4 corresponds to figure 1 and figure 2. The quinone concentra- 
tion is given in cubic centimeters of a 0.01 normal thiosulfate solution 
needed to titrate 1 cc. of the liquid in the diffusion column. 

The total quinone content was found to be unaltered after diffusion had 
taken place, indicating that there had been no chemical reaction. 

Probably no simple correlation exists between the shifts in concentration 
of the quinone and succinic acid, respectively, and the absolute values in 
the change of their solubilities caused by the salts. The change in solu- 
bility would hardly allow us to predict unambiguously the amount of 
transported molecules of quinone and water caused by the diffusion gra- 
dient of the salt. 

It is believed that an inadmissible density gradient and hence disturbing 
convection currents may occur more probably with potassium nitrate as a 
diffusing salt, where there is, passing from below to above, a maximum- 
minimum distribution of the organic solute than in the other cases, where 
the distribution is a minimum-maximum one, because just above the 
junction, in a zone containing practically nothing but the organic solute, 
the concentration of the latter will decrease in the case of a maximum- 
minimum distribution. This zone, therefore, would become less dense 
than the layers above containing the same solute in higher concentration. 
An inadmissible density gradient will not be so easily set up when the 
organic solute is accumulated above the liquid junction. It appears that 
there is a difference in this direction in these experiments. The distribu- 
tion of the salt was determined gravimetrically. In the experiments with 
potassium sulfate, as shown in figure 2, the top layers contained no salt, 
as should be expected for normal diffusion in such a short time. With 
potassium nitrate, however, an appreciable amount of salt was found in 
the upper layers. It amounted to about 1 per cent in the top lajrer and 
increased to 1.9 per cent in the second layer from the top. This indicated 
an anomalous diffusion, i.e., one disturbed by convection currents. 

The occurrence of convection currents in the case of potassium nitrate 
would tend to level the changes in concentration of the organic solute and 
thus make them less distinct. This was probably the reason why it was 
found much more difficult to discover a case of maximum-minimum 
distribution than distributions in the opposite direction. 
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1. It was shown by direct analyms that if salts (potassium chloride, 
potasrium sulfate, sodium chloride) diffuse in an aqueous solution of a 
second solute (quinone, succinic add), the latter being uniformly distrib- 
uted at the outset, the second substance changes its distribution in the 
re^ott where the concentration gradient of the salt is steep. We are 
dealing with the phenomenon of “diffusion retrograde.” 

2. If the solubility of the second solute is decreased by the salt, as is 
the case, for instance, with quinone and potassium sulfate, then we find a 
decrease of quinone concentration on the salt side and an increase on the 
water side of the borderline. A shift of concentration in this sense was 
observed mth quinone in solutions of potassium chloride and potassium 
sulfate, and with succinic acid in solutions of sodium chloride and potas- 
sium chloride. The stronger reduction of the solubility of quinone by 
potassium sulfate, as compared with that by potassium chloride, corre- 
sponds to a greater shift in concentration caused by potassium sulfate; 
accordingly there was also a greater shift of concentration caused by sodium 
chloride, as compared to potassium chloride, in the case of succinic acid, 
the solubility of which is reduced more strongly by sodium chloride. 

3. If the solubility of the second solute is increased by the salt, as is 
the case with quinone and potassium nitrate, the shift in concentration 
has the opposite sense: there is an increase in quinone concentration on 
the salt side and a decrease on the water side of the borderline. 
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The molar friction constant of proteins determined in ultracentrifugal 
analysis may be modified in the presence of water by variations in the 
hydrogen-ion, electrols^te, and protein concentration of the solution, by 
the addition both of amides, amino acids, and other chemicals and of other 
proteins, by heat, by ultraviolet light, by ultrasonic waves, etc. 

It is important to understand the cause of such modifications in the 
sedimentation behavior of the dissolved unit. In some cases the effect is 
due to a real dissociation, but it must be recognized that in other instances 
it may arise from a change in the shape of the molecule, or even from a 
change in the degree of solvation. In extreme cases sedimentation velocity 
may be modified by orientations of the molecular kinetic unit. 

In this study of protein stability in solution we shall (/) make the at- 
tempt to analyze the result of solvent change in influencing sedimentation 
and diffusion constants by setting up simple relationships between molecu- 
lar weight, sedimentation constant (s), diffusion constant (D), and the 
Svedberg dissymmetry factor (///o), (S) give representative experimental 
data to show how these cpnstants are modified by the dissociation of 
dissolved units, and (S) consider other systems for which changes in molec- 
ular form rather than actual dissociation may be responsible in part for 
observed differences in molar friction constant. 

I. MATHEMATICAL RELATIONSHIPS 

It will be convenient for the discussion following to have at hand certain 
relationships between molecular weight, M, sedimentation constant, s, 
diffusion constant, D, and dissymmetry number, ///o. 

The frictional resistance to sedimentation of a spherical molecule is 

* ■ (^r ■ 

* Presented at the Sixteenth Colloid S)rmpoBium, held at Stanford University, 
Califomia, July 6-8, 1989. 
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In this expresdon ti is the coefficient of viscosity of the solvent and V is the 
partial specific volume of the solute. The corresponding quantity for a 
molecule of any non-spherical form is 

. ,M RT 


The condition that ///o remains constant gives 


From kinetic theory 


8 


constant 



( 1 ) 


If the temperature remains constant, the velocity of the particle increases 
with 1/v^. 

Also, 


kt ^ ^ j_ 

h M 


therefore 


8l-\/M is constant 


( 2 ) 


Since both conditions can not be fulfilled at the same time, either the 
partial specific volume must change or the shape factor must change. 

The Svedberg formula for the molecular weight of a molecule in terms 
of 8 and D is 


M = 


1 AT 
2 >’ (1 - Vp) 


From its derivation this equation is valid strictly only for systems of two 
components. It will be correct in a three-component system in which no 
combination can occur between protein and any component. In the 
discussion to follow, we must assume no serious difficulty from this source 
in isoelectric dilute salt solutions when the major extra component is 
electiicaUy neutral. 

In the case of a sphere, we have 


which gives 8» » Further, 


/ 
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and JIf is a function of s/D alone. Therefore, s X ///o = io- By defini- 
tion, 

D. 




and 




l/» 


^ (1 - Vp) k" 

Now, inserting the values for Do and So, we have 


D 


k' /o 


f 


and 


The ratio /o// < 1. Thus, if M decreases, one factor of D increases and 
the other decreases, while both factors in s decrease. Therefore, s will 
decrease while D may increase, remain constant, or even decrease as a 
molecule dissociates. On the other hand, if M remains constant and the 
protein unfolds, both s and D will decrease. 


n. DISSOCIATION PHENOMENA 

There are now a number of cases in which a dissociation of the protein 
in the system is well established. The following sedimentation and diffu- 
sion data for hemoglobin and phycocyan are sufficient to show that in 
these systems such a reaction takes place. In table 1 the ratios of s/D are 
used to calculate the molecular weight of the dissociated molecule, the 
dissymmetry factor (J/fo) is calculated from the observed diffusion con- 
stant, and its sedimentation constant is calculated from the ratio 

s _ M''* (///,) 

«i M\>* (///o)i 

The values of « and D are always corrected to the basis of a process taking 
place in pure water at 20'’C. 

In making calculations for the ratio of major to minor axis from dis- 
symmetry number data, use has been made of recent theoretical work of 
Pmin. Of course molecular dimensions can be calculated with a knowl- 
edge of molecular weight, dmisity, and dissymmetry number, but we have 
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pTdFfifred not to do this fen* throe rossons: (i) Values ci the disisyminetoy 
oumb^ are limited in accuracy, because the two friction constants fraBi 
which they are obtained are subject to some error. Tiro accuracy of a 
determination of < is 2 to 3 per cent, of D 2 to 3 per cent, and tber^ore the 
error is from 5 to 10 per cent for the molecular weight. Hius there is 
some uncertainty in the evaluation of /o. Further, values of the friction 
co^cient, /, may be subject to error, because for long molecules the specific 
sedimentation rate may be a function of concentration. Limiting extra- 

TABLE 1 

Sedimenttttum and diffusion data for phycoeyan and hemogtobin ayttemt 
A. Molecular weight data for phycoeyan and its dissociation product. Normal 
molecule in aqueous buffer solution with pH 2.6 to 6. Dissociation product in 
aqueous buffer solution with pH 7 to 8.5. (Eriksson-Quensel: Biochem. J. SI, 
585 (1938)) 



MOBMAL MOLBCtJLB 

DXBBOCIATMD MOUBCUUI 


EzperimenUl 

Calotilaied 

M 

«M X 10“ 

Dig X 10^ 

273,000 

11.4 

4.05 

146,000 

6.2 

4.6 

131,000 

6.1 

f/fo 

1.2 

1.35 


1:4 


1:8 



t 



B. Molecular weight data for hemoglobin and its dissociation product. Normal 
molecule in ordinary aqueous buffer solution. Dissociation product in 40 per 
cent aqueous urea solution. (Steinhardt: J. Biol. Chem. US, 543 (1938)) 



MOBMAL MOUBCUIA 

DUBOaATMD MOUDOUW 


Experimental 

Caloulated 

M 

76,000 

38,000 

43,700 

am X 10“ 

4.6 

3.2 

3.23 

Dio X 10» 

6.3 

7.7 


///. 

1.20 


1.18 

b/a 

1:4 


1:4 


polated values of sedimentation constant for zero concentration must be 
used in this evaluation. (S) Values of f/fo are influenced by hydration 
by an unknown amoimt. (3) There is no particular justification for tiie 
assiunption of the form of an ellipsoid of revolution for protein molecules. 

Ihe data are presented in a single table (table 1) for comparison, because 
in one case a pronounced change in s is accompanied by practically no 
change in D, but in the other a decrease in s and an increase in D go to- 
other. Also, the dissymmetry number for pbyebeyan indicates change 
on dissociation of the ratio of major to minor axis from 4: 1 to 8: 1:, suggest- 
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ing clesvage along the major axis, but, although it ia difficult to understand, 
tibere is no appuent modification of dissjuxunetry number for the disso- 
ciated hemoglobin. 

Other interesting dissociation phenomena are found in the case of the 
hemocyanins, where the stability diagrams are markedly influenced by the 
hydrogen-ion concentration of the solution. Observations of sedimenta- 
tion velocity and diffusion prove that the protein contains only one com- 
ponent at the isoelectric point in the case of Helix pomatia and Hdix 
nemoralis, while the hemocyanins of Hdix arbustorum and Helix hortenm 
contain two components in the isoelectric region. As the pH of the solu- 
tion is decreased or increased, points are reached where a small change in 
pH causes a pronounced change in the protein. Thus, the original mole- 
cule of Hdix pomatia (molecular weight 6,760,000) dissociates stepwise 
into homogeneous half, eighth, and sixteenth components. The presence 
of certain ions, particularly Ca++ and Mg++, causes important changes in 
the stability of this system. It is important to note that the molecular 
weights of the hemocyanin molecules found in the blood of a certain 
species are always simple multiples of the lowest well-defined component. 
In most cases the components of the species are interconnected by re- 
versible dissociation-association reactions which depend upon the pH 
value of the solution. 


UI. COMPLEX EQUILIBRIA 

The changes in molar friction constant for the proteins considered in the 
preceding section are due to dissociation reactions. With other systems 
similar modifications of sedimentation diagrams and molar friction con- 
stant are observed, but the interpretation is more difficult to understand. 
In some cases changes in the molecular weight of a protein are believed to 
be responsible for modified sedimentation diagrams, but in others it appears 
that a change in the shape of the sedimenting unit is responsible for the 
observed effects. 

As typical of cases where molecular weight changes are believed to be 
involved, we cite experiments of McFarlane (4) and of Pedersen (5), in 
which the presence of another protein of lower molecular weight, a prota- 
mine, or an amino acid causes the amount of the substance of higher 
molecular weight to decrease and to be replaced by a slower sedimenting 
cmnponent, although the protein of higher molecular weight is perfectly 
stable under the same conditions when it is present alone except for the 
Bidt used to repress the Donnan effect. The action of the dissociating 
compound on a protdn is highly specific, and the magnitude of the effect 
varies greatly from protein to protdn. Pedersen writes, “From the experi- 
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malts above we may conclude that in a mixture of two proteins, the smaller 
<me may often cause traiurformations in the one witii tlm larger molecules 
in such a way that new molecules of different size are formed. 

"In the cases here investigated the new molecules were probably formed 
by dissociaimn, as they were generally smaller than the ones from which 
they were produced. In the mixtures with protamines, the protan and 
its dissociation product in some cases combined with the protamine. 
When the sedimentation constants for the components were not too close 
together, the sedimentation diagram always gave regular curves, indicating 



Fig. 1. Sedimentation diagram for native thyroglobulin in salt solution 



Fig. 2. Sedimentation diagram for denatured thyroglobulin in salt solution 

that the new molecules formed had a definite size (and composition) and 
that they probably “obeyed" the Svedberg multiple law.” 

More recently it has been found in this Laboratory that changes in 
sedimentation behavior of the general type mentioned above can be pro- 
duced in solutions of a number of uniform proteins, by the simple expedient 
of reducing the electrolyte content, even within the usual limits of pH 
stability ,(3). Thus, the same kinds of transformation in sedimentation 
diagrams are produced without the addition of any reagent whatsoever, 
and we shall give reasoius for believing these changes in sedim^tation 
behavior to be due to an unfolding of the origdofll molecular kinetic unit. 

Native thyroglobulin sediments in salt solution within its p]^ stability 
region (pH 3 to 11.3) as a single well-defined protein (i^re 1) (su » 19.2 
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X 10"“; M = 650,000). Furthermore, it appears appreciably stable in 
electrolytes, becoming somewhat less homogeneous on long standing, as 
judged from the sharpness of the boundary on sedimentation. 

Wiea. the protein is denatured in salt solutions by heating, by ultra- 
violet light, or by acid, it becomes polydisperse, the boundary being spread 
over a considerable distance in the centrifuge cell, presumably indicating 
dissociation and aggregation (figure 2). 

When the protein is brought outside the pH stability region in salt solu- 
tions, well-defined slower sedimenting boundaries are present, indicating a 
dissociation of the protein. Thus thyroglobulin behaves as a typical 
protein in the electrolyte solutions. 

Studies with electrolyte-free solutions of this protein have revealed 
profound changes in the sedimentation behavior within the usual pH sta- 
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Fio. 3. Sedimentation diagram for N thyroglobulin in salt-free solution 


bility region. These changes are well defined, as distinguished from the 
ordinary increases in polydispersity which occur on long standing in salt 
solutions. When sedimented, a freshly dialyzed salt-free solution of th 3 rro- 
globulin less alkaline than pH 8 to 9 gives a single boundary, which moves 
in the cell at a slower rate due to the failure to repress the Donnan effect. 
In addition, the boundary possesses a considerably greater sharpness than 
it does in the presence of salt. In the discussions to follow we shall term 
this “N protein” (figure 3). 

In salt-free solutions with protein concentration higher than 1.0 per cent 
a single well-defined slower sedimenting component, which we shall call 
for convenience “a-protein”, is formed on standing (figure 4). An equilib- 
rium is established, and the rate at which the change takes place is a func- 
tion of the pH value of the solution. In alkaline solutions attainment of 
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equUibrium is rapid. At 4°C. several weeks are required for ^BobBoge in 
solutioqs noore aoid than pH 7^ but the reaction is immediate in soiuti^W 
more ftllfftlina than pH 9 to 10. The process is immediately reversed by 



*• M >• 

Fig. 4. Sedimentation diagram for N thyroglobulin (right) and a-thyroglobulin 
(left) in equilibrium in salt-free solution (protein concentration <■ 4.5 per cent; pH 


- 9.6). 



s. e 10 It 

Fig. 5. Equilibrium N « as a function of pH 


the addition of electrolyte to 0.02 M, giving native protein with ntmnal 
sedimentation and electrochemical bdhavkw. : ^t this salt concentraticm 
Donnan effects are largely repressed in routine sediiQentation eziperiments. 
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Be3^<md pH 11.3 the equilibrium is shifted, perhaps to a reaction product 
from a-protein, ance the process is now no longer reversible with electro- 
lyte (figure 5). 

On dilution to less than 0.1 per cent protein concentration of a solution 
containing the equilibrium system N a, a new equilibrium is rapidly 
established between a third slower sedimentation component (figure 6). 
That the newly formed, slower sedimenting protein formed in dilute solu- 
tions arises from the a-component is apparent, since freshly dialyzed dilute 
solutions of thyroglobulin sedimentii^ with a single sharp boundary do 



Fig. 6. Sedimentation for N thyroglobulin (right) and a-thyroglobulin (center) 
and slower sedimenting protein in salt-free solution (protein concentration ^ 0.08 
per cent; pH — 9.6). 



Fig. 7. Sedimentation diagram for isolated a-thyroglobulin 


not appear to undergo immediate dissociation. This is further confirmed 
by isolation of the a-component with use of the two-compartment separa- 
tion cell of Svedberg (6) (figure 7). 

The separated a-form of the protein is unstable. An equilibrium is again 
established with time with the N protein. If the solution containing 
o-protdn is diluted to less than 0.1 per cent protein concentration, the 
new slower sedimenting protein is again formed. If heated, the a-form 
changes to homogeneous denatured protein with sedimentation behavior 
Hire that of N protein but with different solubility and electrophoretic 
pit^rties. If allowed to stand in high concentrations, especially near 
pH fi, (KHuponents sedimenting faster than N protein have been observed. 
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It am>ears from these expmiments tiuit the ot-conqKMieiit is an interme- 
diate unstable form of the prdtein. 

Equilibria of the type N 7^ a are not specific to thyn^obulin, because 
HimilaT reactions have been found in other protein systems. Analogous 
eqmfibria are shown for thymus nucleohistone and antitoxic diphtheria 

THYMeUMULNI OtaHTMRlA TNTMUa 

ANTiTORtN MUCLKOMlSreNC 


tHMAftnUMM IMtMNM 



Fio. 8. Sedimentation diagram showing equilibrium N ^ a in various proteins. 
From left to right in each diagram, labile and native components. Concentration 
and pH for each protein as follows: thyroglobulin, 4.3 per cent, pH - 6.1; antitoxic 
diphtheria pseudoglobulin, 5.5 per cent, pH ■> 7.6; thymus nucleohistone, 1.2 per 
cent, pH — 6.0. 



Fio. 9. Effect of protein concentration in shifting equilibrium N ^ a 

p8etid<^obulin and are compared with the equilibrium in thyroglobulin 
(figure 8). 

Although the system Ni=ia gives a sedimentation diagram which 
lesmnbles that of a dissociation, there are reasons to believe that the 
changes now being considered do not involve a change in mass of the 
kinetic unit. For instance, the equilibrium N ?=!! a is not shifted to the 
i-ight. on dilation, as would be expected on the basis of the law of mass 
aoticm if the process involved an increase in the number of molsoulee. 
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Instead the equilibrium is shifted toward the N-form, as shown in the 
accompanying diagram (figure 9). 

Such a process might be considered as a change involving an unfolding 
of the protein molecule in solutions. Another view would be the orienta- 
tion of the rod-shaped particles in solution. However, the change is much 
more labile to electrolyte than the layering effects noted in concentrated 
solutions of tobacco mosaic virus protein ascribed by Bernal (1) as due to 
an orientation of the rod-shaped particles. Furthermore, it is difficult to 
account on this basis for the existence of equilibrium in dilute solution. 



Fig. 10. Upper curve: relation of dissymmetry coefl&cient to sedimentation con- 
stant* Lqwer curve: ratio of major to minor axis, h/a, through Perrin’s equation 
and the relation between the diffusion constant for the protein and for a spherical 
molecule of the same molecular weight. 

Fio. 11. Sedimentation rate of N and of a-thyroglobulin as a function of con- 
centration 

An unfolding of the molecule to account for the change in sedimentation 
behavior is indicated by the following calculation: On the basis of the 
dissymmetry number 1,6, given by Heidelberger and Pedersen (2) for 
normal thyroglobulin, it is possible to calculate the ratio of the major to 
the minor axis by iM^auming the molecule to have the shape of an ellipsoid 
of revolution. 

The ratio b/a for normal native thyroglobulin corresponds approxi- 
mately to 8.7 to 1 (figure 10). If we assume the molecule to undergo 
simple unfolding such that it becomes twice as long and one-half as wide, 
we arrive at a value, 2.63, for the dissymmetry number. This number 


iOOO HABOiii> r . txmtanm and 3 . w. niluaus 

oorref^KuidB to a sediioentactum eonstBot of 10.9 X 10~” for tbe unfolded 
form, as compared with 19.2 X 10~” for nonnal native thyroglobtdin. 
The actual eedhnentation behavior (rf the N and the oftiryro^bbttlin as a 
function oi conomtnition is shown by the accompanying diagram (figure 
11). On extn 4 )olation to sero concentration specific sedimentation con- 
stant values d approximately 10 X i0~‘* and 17.8 X 10^“ are obtained. 
Althouid^ no attempt has been made to correct these values to the basis 
a' sedimentation in salt solution, it is evident that the theoretical and 
observed values are in reasonable agreement. 





Fio. 12. Sedimentation diagram showing effect of urea on equilibrium in a single 
salt-free thyroglobulin solution. Upper left : equilibrium in salt-free thyroglobulin 
(pH >■ 5.5). Upper right: effect of presence of 50 per cent urea at this pH. Lower 
left: effect of making this solution 1 per cent in sodium chloride. Lower right: 
effect of addition of urea to thyroglobulin which is already in 1 per cent sodium 
chloride. 


Although the formation of o-protein appears to involve no change in 
the mass, the effect of dilution in causing the formation of slower sedi- 
menting protein from the oc-form apparently does involve a change in the 
number of molecules and hence a dissociation. The dissociated form from 
tv-protein is still labile to salt and is perhaps an unfolded and dissociated 
fmm d the protein. 

Zt has been observed (3) that the presence of urea, glycine, tyrosine, 
and related compounds in high concentration in freshly dialysed eleetro- 
lyte-free thyn^obulin solutions favors a change in the sedimentation 
bdiavuM* of tile protein which appears similar to that described above. 
HieiK reactions can occur even in the presence of electrolytes, althcn;^ in 
such cascis higher concentrations of the addition compound are required to 
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produce .the same magnitude of change. It would appear that in salt 
solutions these compounds act to overcome the effect of electrolyte in 
preventing the formation of oe-protein. It makes no difference whether 
salt is added prior to the addition of urea or afterwards (figure 12). These 
effects appear similar to those noted by McFarlane (4) and by Pedersen 
(5) in other protein mixtures (loc. cii.). 

It was shown in the section describing dissociation phenomena that, at 
least in certain proteins, the effect of urea or pH beyond the alkaline limits 
of the pH stability region in the presence of electrolyte is to cause a dissocia- 
tion. With the data available it is not possible to decide whether the 
more complex equilibria in protein mixtures represent merely a change 
corresponding to a-protein or a dissociation. It is true that dissociation 



Fio. 13. Sedimentation diagram showing the effect of heat on the equilibrium in 
salt-free thyroglobulin solution. Upper left: equilibrium at pH 6.5. Upper right: 
effect of heating 10 min. at 50°C. Lower left: effect of heating 10 min. at 60°C. 
Lower right: effect of heating 10 min. at 95°C. to give homogeneous denatured 
protein. 

may follow the formation of o(-protein. The effect of the presence or 
absence of salt is very incompletely understood at the present time. 

A high concentration of urea i4 known to favor denaturation. It would 
appear from this that the forces involved in dissociation and denaturation 
are similar. A reaction N— »a— »D appears involved because (/) the 
reaction N — » a, in the case of thyroglobulin, is favored by heat (figure 13) 
and (£) further heating above causes the oe-protein to disappear with 
the formation, first, of an intermediate component which disappears and, 
finally, of a single homogeneous component which cannot be resolved from 
normal native thyrogldbulin and which is unstable to salt to give the char- 
acteristic properties of denatured protein. It would appear that the 
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denalaired ss well as the dissocisted form arose from the o-protein. HieBe 
dumges may be represeoted in the following diagram: 

Associated protein 

1 

N protein Labile protein (a) — » Denatured protdn 

ir 

Dissociated protein 
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This paper gives a summary of the newer experiments that have been 
carried out by the author and his collaborators on the adhesion of micro- 
scopic particles and, in connection with this, on surface films. 

First of all, it may be mentioned that some years ago a method was 
worked out by means of which the forces operating in coagulation may be 
measured directly. This method is based on allowing microscopic par- 
ticles, for example, quartz particles, to settle on a plate of the same sub- 
stance, and on measuring the exact force required to tear the particles off 
the plate. The angle of inclination of the plate at which the particles just 
begin to move is measured. This angle is called the angle of adhesion. 

From the experiments carried out by this method, the fundamental 
knowledge was gained that the adhesion is caused not by gravitational 
force, but by the interaction of the surface films of the adsorption layers. 
The chemical substance of the particles and of the adhesive plate plays a 
r61e only so far as this is one of the factors that determine the properties of 
the surface films. The specific adhesion of the particles of the same size 
is different in different liquids, but is characteristic for the chemical struc- 
ture of the adhering particles. In the same way, the specific adhesion 
represents a characteristic size for the chemical structure of the adhering 
particles. 

From experiments made on different substances, it has become clear that 
the adhesion in different liquids is closely connected with the lyophilic 
properties of the substances. Table 1 gives some experimental results that 
have been obtained on different microscopic particles of the same size in 
different liquids. From these e^qjeriments it follows that an antagonism 
exists between the specific adhesion in dynes per square centimeter and the 
lyophilic character. This is especially pronounced in the cases of quartz 
and carbon. Quartz is very lyophilic in water, but very lyophobic in or- 
g»uc liquids. Accordingly, quartz shows a considerably smaller adhesion 
in water than in organic Uquids. With carbon the case is reversed. Since 

1 Presented at the Sixteenth Colloid Symposium, held at Stanford Univerrity, 
California, July 6-8, 1938. 
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carbon is less lyophUic in water than in organic liquids, its adlwsion in or* 
ganio liquids is leas than in water. 

'Xliis procedure was used for the investigation of the structure of surface 
layers, since it enables us to extend our knowledge of the peculiarities 
arMng in the adhesion of microscopic particles to plates. Adhesion studies 
in connection with cataphoretic measurements led directly to the question 
as to what conclusions may be drawn from the variations in the adhesion 
caused by the influence of different substances on the detailed structure of 
the adsorption film in solid adsorbents. For, from the statement that the 


TABLE 1 

Adhetion of microscopic particles in different liquids 




BPS- 



BPB* 

•uaiVAifOB or tHB 
FABXlCLDa 

UQiniM 

one 

AO* 

BBBION 

BUBBTAMCB OP TBB 
PABnCLBB 

UQxnni 

CIFIO 

Al>* 

■BSUIH 








dyfiM 



dynM 









eiti. 



em. 


Water 

0.8 

f 

Water 

2.8 


Ethyl alcohol 

2.9 

Pyrites — s 

Ethyl alcohol 

3.4 

QuArtx 

Chloroform 

3.1 

( 

Benzene 

3.8 


Benzine 

3.2 





Benzene 

3.1 


Water 

3.8 


Toluene 

3.3 

Coal (anthra- 

Ethyl alcohol 

2.4 




cite) 

Benzine 

1.2 


Water 

0.6 


Benzene 

1.1 

Qlaas 

Ethyl alcohol 
Ether 

3.0 





3.4 


Water 

3.7 


Water 

1 4.7 

Graphite .... - 

Ethyl alcohol 
Benzine 

2.5 

1.4 

Barytes (BaSOe)^ 

Ethyl alcohol 

5.0 


Benzene 

0.8 


Benzene 

5.1 





Water 

2.8 

Gold 1 

Water 

Benzene 

5.8 

3.5 

Calcite 

Ethyl alcohol 
Benzene 

3.4 





3.8 





adhesion of particles in liquids is caused by an interaction of the adsorp- 
tion films, it follows necessarily that aU influences that alter the structure 
and composition of the adsorption films are also of decisive importance 
for the adhesion. 

As regards the alteration in the adhesion through the influence of differ- 
ent substemces, three groups of extreme cases must be distinguished: the 
influence of strong electrolytes, that of weak electrolytes and non-dec- 
trolytes, and that of colloids. 

Ihe adheacm in solutions of strong electrolytes is due to Ute interionic 
(deetrostatie) forces acting between the ions of the electric double layer. 
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Tlie idteration in the adhesion is determined by the two characteristic 
variables of electrolytic systems, — the electric charge and the thickness of 
the electric double lasrer. With regard to the effect of different electrolytes 
on the adhesion, the following quantitative law was found to hold: In 
solutions of strong neutral salts, in which the activity coefficient of the 
effective ions has the same value, the adhesion is influenced to the same 
degree. The well-known activity coefficient law of Ostwald also holds 
good for the adhesion of microscopic particles. 

In order to make a further, more detailed investigation of the correlation 
between adhesion and coagulation, I determined the coagulation values of 
different electrolytes on different suspensions — especially on monodisperse 
quartz suspensions — by measuring the speed of sedimentation. Parallel 
to these experiments, the adhesion of quartz particles on a quartz plate 


TABLE 2 


KLXCTBOLTTB 

COAGULATION 

VALUBS 

ACTIVITT 

coxmaBNT 

ADHB&ION 

NaCl . . 

42 

0.78 

dynM per ag, cm, 

1.88 

KCl 

40 

0.79 

1.84 

Na,S04 

17 

0.83 

1.96 

Na,P04 . 

28 

0.76 

1.80 

K,Fe(CN). 

5.6 

0.89 

1.92 

K 4 Fe(CN), 

8.5 

0.84 

1.87 • 

CaClj 

0.7 1 

0.81 

1.98 

BaCl, 

0.5 

0.84 

1.94 

MgS04 

0.32 j 

0.86 

1.82 

AlCI, 

0.00012 i 

0.96 

2.05 


was measured under the same conditions. The results of these experi- 
ments are given in table 2. 

From these results it will be seen that, in solutions of different neutral 
salts, the same adhesion and the same value of the activity coefficient cor- 
respond to the coagulation value. It is true that these values are different 
in the case of different suspensions. This result makes it very probable 
that, in the case of weakly solvated disperse systems, the more important 
and characteristic part of the system is the dispersion medium. A dis- 
perse system is stable if the disperse particles and the dispersion medium 
form a harmonious unity, but this is possible only if the particles or micelles 
are in the same physical state as the dispersion medium, this state being 
conditioned by the physical structure of the adsorption film; that is to say, 
in a state that ren^rs possible the building up of the particles. If this 
condition is not fulfilled uid the structural harmony between the adsorp- 
tion films and the dispersion medium is disturbed, the system coagulates, 
since the dispersion medium eliminates the disperse particles. According 
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to tbis theory, the active partner in the coagulation ie the dispersion 
medium. Ilie force of att^tion among the particles plays a rOle only 
after the coagulation, insofar as it determines the physioal properties of the 
ooaguliun. 


TABLE 3 


AdAmon of quartz particles to a quarts plate in aHeohols 
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mmmm 
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17.4 


1.24 
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17.8 


2.48 
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18.3 


4.96 
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7.44 

0.116 

20.6 

Methyl alcohol 

9.6 


21.6 


12.4 

0.309 

23.6 


14.8 


25.3 


17.3 


27.4 


18.6 

0.772 

28.6 

> 

22.3 

0.920 

32.8 



0.064 

17.4 




17.8 


1.66 


18.8 


3.32 

0.107 

19.4 

Ethyl alcohol ^ 

4.98 

8.29 

0.130 

0.216 

20.7 

24.0 


9.96 

0.743 

25.5 


10.77 

0.809 

28.6 


11.62 

0.874 

29.3 


13.28 

0.961 

32.9 


0 

0.064 

17.4 


0.67 

0.111 

18.0 


1.34 


28.7 

Propyl alcohol 

4.02 

6.70 


22.4 

27.8 


8.04 


30.9 


9.38 

0.924 

35.6 


10.72 

0.966 

41.8 


This principle proved fruitful also in the case of weak electrolytes and 
non-electrolytes. The adhesion in solutions of non-electrolytes is caused 
by the action of intermolecular forces (dipole forces, van der Waals forces) 
between the molecules of the adsorption films. According to this, organic 
compounds of different types have a different influence on the adhesion 
mkrdscopic particles. Compounds of analogous structure, lor example, 
the members of homologous series, act qualitatively in the same way, that 
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is, they influence the adhesion of the microscopic particles with increasing 
concentration in much the same way; they show a difference only in the 
intensity of their effect. 

The experiments with non-electrolytes, — different homologous and iso- 
meric carbon compounds, — were of special interest in connection with the 
above question: namely, to what extent the structure of the adsorption 
layer plays a rdle in the adhesion, and also to what extent conclusions may 
be drawn as to the structure of the adsorption layer from alterations in the 
adhesion. At the same time, these experiments gave further information 
as to the influence of the size and shape of the molecule on the adhesion. 

Among other experiments, those with the homologous series of the al- 
cohols were very instructive. The experimental results in table 3 show 
the adhesion of quartz particles on a quartz plate in solutions of methyl. 



Fio. 1. The adhesion of quartz particles to a quartz plate in solutions of alcohols 

ethyl, and propyl alcohols of different molecular concentrations. The 
experiments were carried out with monodisperse quartz powder (size of 
particles 14.2 p) . It will be seen that sin a of the angle of adhesion increases 
with increasing alcohol concentration and with increasing molecular weight 
of the alcohol. This peculiar form of the adhesion curve, figure 1, is 
caused by the increasing dehydration of the adsorption layers with the 
increasing concentration of the solution. With increasing alcohol con- 
centration the adsorption film becomes constantly richer in alcohol mole- 
cules, and thus the intermolecular forces between the adsorbed alcohol 
molecules play an increasingly important rdle. 

That in this case the adhesion is in fact due to the intermolecular forces 
between the adsorbed molecules is proved by the discovery that the ad- 
hesion bears a close relation to the dielectrk; molecular polarization of the 
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mixed liquids, the diekcMo polarisation of the ndsod liquktei Fi, i, was 
calculated from the wdl-known formula: 

D _ D -• 1 ifiMi + ir,Mt 

D + 2* ' d 

in adiich D is the dielectric constant of the mixture and d is its density. 
From table 3, and especially from figure 2, it will be seen that in the case 
ol different idcohols the same adhesion corresponds to the same P value. 
Tbe 1 ^ a values of the three homologous compounds lie cm a common 
sin »-Pi 4 curve. 

Ibe above regularity was found to exist only in the case of compounds 
of analogous structure and chiefly in the case of homologous compounds. 



— P 

Fio. 2. The relation between adhesion and the dielectric molecular polarisation for 

three alcohols 

Compounds of different molecular structure but of the same molecular 
polarization have a different effect on the adhesion. This fact indicates 
that when alteration of the adhesion is affected by the addition of non- 
electrolytes, not only the dielectric properties of the liquid medium but also 
other properties, especially the molecular constitution and the raze and 
shape of the dissolved molecules, are of great importance. 

Besides the properties of the dissolved portion, those of the solid iffiase 
are also important. In this respect also the electrical properties {uoved 
to be ^e most decisive factors. This is especially pronounced in tito cue 
of solutions of polar and asymmetrical compound, for instance, in ibose 
0 $ fbe aliphatic acids. Experiments carried out with quartz (bowed «h 
pbdMy dearly to what a great extent the original nature of tbe dectric 
dhaii^ influences the whole character of the coneraitrallon curve of ibe 
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adhesion. Figure 3 shows the effect of water-soluble aliphatic acids on 
tiiie acUiesion of quartz particles with a negative charge to a negatively 
charged quartz surface. 

In the case of low concentrations we are dealing essentially with an 
electric action, a discharge. With high concentrations strong dehydration 
takes place; accordingly in this case also the adhesion shows a considerable 
increase, as in the case of the alcohols. On the other hand, we find quite 
different conditions in the case of positively charged quartz. The quartz 
particles and the adhesive plate were given a positive charge by means of 
an aluminum salt, and the adhesion was measured under the same condi- 
tions as those of the negatively charged quartz. The results are shown in 
figure 4. 



Fig. 3. The adhesion of quarts particles with a negative charge to a negatively 
charged quarts surface in solutions of aliphatic acids 

Three concentration zones can be distinguished. With low concentra- 
tions we have a simple ion action. This is shown by the speed of the cata- 
phoretic motion on the lower curve. Parallel to the recharging, first a 
decrease and then an increase in the adhesion take place. The minimum 
adhesion coincides with the maximum of the negative electrokinetic poten- 
tial. At higher concentrations, however, the change of the electrokinetic 
potential has a noticeable influence on the adhesion; for with higher con- 
centrations, the adhesion is independent of the concentration, although the 
electrokmetie potential decreases further with increasing concentration. 

From the first it seemed a probable hsnpothe^ that these phenomena 
might have their origin in an alteration of the dipde double layer formed 
on the qttfurtz surface by orientation of the aliphatic acid molecules. 
To a extent the abovementioned mqierimental results seem to in- 
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dicate the following change in the adsoiption layer: First of all, a mono- 
molecular film is formed, in which the molecules of the carboxyl group ad- 



Fia. 4, The adhesion and the cataphoretic mobility of quartz particles with a positive 
charge in solutions of aliphatic acids 
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Fie. 9. Orientation of aliphatic acid molecules on the quartz surface 

here to the posilive quartz surface. Condition a (figure 6) corresponds to 
the isod^tiie point. Later a second layer, b, is depomted, in which the 
carboxyl groups occupy the outer position. The second isyet Igives iha 
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surface a negative charge, the value of which is determined by the disso- 
ciation of the carboxyl group. The thickness of this bimolecular layer 
chiefly determines the adhesion, as is evidenced by the fact that the ad- 
hesion is independent of the concentration in more concentrated solutions. 

The most decisive experiments in this connection, however, were those 
made on the molecular films of stearic and palmitic acids. Following the 
method of Langmuir and Blodgett, films built up alternately of stearic 
and palmitic acids were produced on a quartz plate positively charged 
with aluminum ions, and on this plate the adhesion of quartz particles, 
also positively charged, was measured in water. The results are shown in 
figure 6. 

On the monomolecular film the value of the angle of adhesion is 22°. 
If the plate is once more dipi>ed in water and drawn through the surface 
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Fig. 6. Films of stearic and palmitic acids on a quartz plate positively charged with 

aluminum ions 


film of stearic acid, a second film is built up on the plate, in which the 
COOH groups are on the outside. On this second film, the angle of ad- 
hesion is 53°. If a third film is built up, the adhesion again decreases, 
and the angle of adhesion shows a value of 20.5°; on the fourth film, the 
angle of adhesion again shows the same value as on the second film. That 
is, on these alternate films the adhesion changes alternately. So these 
experiments show clearly that, as regards the change in the adhesion in 
solution of polar compounds, the orientation of the adsorbed dipoles 
plays a decisive rdle. 

It should be mentioned here that such alternate films exhibit a periodic 
change in their activity in the case of heterogeneous catalysis. Quartz 
plates were covered with polymolecular stearic acid films, and the rate of 
decomposition of hydrogen peroxide was measured in the presence of these 
plates. As the numerical values in table 4 show, the rate of decomposition 
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varies aeoctfdiag to wbeiiief al^ or oarbo^l group is <m the oaMde 
in the outermost film. 

As woiidd be expected, these inv^rtigations led to the probienu (rf the 
IdglMnoleoular compounds, first of all to those of the albumins. The 
albumins also have a very characteristic influence on the adhe^on, but the 

TABLE 4 

Ths eaUdytie activity of polymoleeular ttearie acid films (adhering to gmrte) on the 
decomposition of hydrogen peroxide 

Original concentration of the solution of hydrogen peroxide, 0.1 mole per liter; 
voliune of the solution, 100 cc. ; five quartz plates, with a surface of about 

40 cm.* each 



inoUi pir liter 


Without quartz plates 0.0004 

In the presence of plates covered with a single film 0.0069 

In the presence of plates covered with a twofold film 0.0134 

In the presence of plates covered with a threefold film. . . 0.0056 

In the presence of plates covered with a fourfold film 0.0138 



Fig. 7 Fio 8 

Fxo. 7. The effect of gelatin on the adhesion of quarts particles 
Fxg» 8. The adhesion of quartz particles in gelatin solutions of different pH values 

eonditionjs in the case of the albumins are more complicated^ since here an 
interaction of the adsorption films of the adsorbed colloid must be taken 
into acop!int« Nevertheless; in this field also several regularities have been 
detected* 

In the first place it was found that the different albumins haVe a very 
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individual effect on the adhesion of microscopic particles, especially on 
quartz particles. In addition to the individual properties and the physical 
condition of the albumins, the electric condition of the quartz surface is 
of great importance. This is clearly shown, among other things, by the 
concentration functions of the adhesion. These functions yield us in- 
formation principally with regard to the sensitizing and protective action 
of the colloids. In figure 7 the upper curve refers to positively charged 
quartz particles. With increasing concentration the adhesion shows a 

TABLE 6 


Connection between the building up of collagen fibers and the adhesion in solutions 

of electrolytes 


BLBCTBOLTTK 

COMCBNTBA- 
TXOM or 
■LBCTAOLTTB 

TBB AOHMION (BIN a) OF QUABTE 
BANnCLBB IN COLLAOBN 
BOLCnONB 

BUILDING UP 

OP FIBBBS 


melt ptr liUr 






0 

0.27 





0.005 

0.31 





0.01 

0.32 





0.05 

0.46 


Faint 

Sodium chloride . . . ^ 


0.10 

0.59 


Very noticeable 



0.15 

0.64 


Strong 



0.20 

0.66 


Faint 



0.30 

0.72 





0.40 

0.73 





0 

0.27] 





0.0001 

0.32 





0.0002 

0.34 





0.0005 

0.001 

0.38 

0.44 

► 4- charge 

Faint 

Strong 

Barium chloride — ^ 


0.002 

0.005 

0.53 

0.58 


Strong 

Faint 



0.007 

0.64 


Very faint 



0.01 

0.72 

isoelectric point 




0.02 

0.58' 





0.03 

0.46 

[ — charge 

Faint 



0.04 

0.42] 

Strong 


steady decrease; this signifies a protective effect. On the other hand, the 
lower curve, which has been obtained on negatively charged quartz, shows 
first a sensitizing effect, the protective action manifesting itself only 
with higher concentrations. 

It is true that the shape of these concentration functions depends on the 
physical state of the albumin. The electrical condition is especially im- 
portant. This is evidenced by the fact that the adhesion exhibits a 
at the koelectric point of the albumin. This is shown, for 
example, by the adhesion of quurtz particles in gelatin and in albumin 
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soluticHuc^difieraitpHyalufis. The isoelectrio point is eqiedalfy sharply 
defined in bolh. cases (%ure 8). Tliis method is ther^ore very soitahle 
for tibe determination of the isc^clnc point of ooUokis. 

The ourcumstance that the adhesion of solid particles in solutions of 
albumins is due principally to the interaction of the adsorbed micelles led 
to the problem of the structure of the biogels. One of several important 
questions is: What circumstances determine the building up of fibers and 
fibrous gels out of the submicroscopic particles? A concrete case, for 
example, is that of the collagen fibers. It is generally known that by the 
action of electrolytes under certain circumstances fibrous gel is built up 
out of diluted collagen solutions which may be obtained from rats’ tails 
by means of acetic acid. To detect the conditions under which collagen 
fibers are built up, various electrolyte solutions of different concentrations 
were added to the collagen solution and observations were made by means 
of a microscope as to the concentration at which the building up of the 
fibers takes place. Parallel with these observations, the adhesion of 
quartz particles in these solutions was determined imder the same condi- 
tions, and their cataphoretic mobility was also measured. These experi- 
ments (table 5) showed that the fibers never form at the isoelectric point, 
that is, never at the maximum of the adhesion. Tbe building up of the 
fibers takes place only near the isoelectric point, that is, in the state of the 
solution in which the attractive forces between the micelles are not great 
enough to prevent their orientation during coagulation. This effect is 
seen very clearly in the case of barium chloride solutions, where the sign 
of the electric charge on the micelles is reversed. As may be seen, the 
building up of fibers takes place both to the left and to the right of the iso- 
electric point, but not at the isoelectric point itself (table 5). From such 
observation of the behavior of adsorbed albumin films on adhesion it is 
believed that further information may be obtained concerning the nature 
and properties of the biogels. 

It is hoped that this summary gives a satisfactory survey of the phe- 
nomenon of adhesion and that it serves to indicate the fruitfulness of this 
field for biology and technics. 

In conclusion the author wishes to express his great appreciation of 
the invitation to give a paper before the Colloid Symposium and of the 
opportunity thus afforded to make the acquaintance of his American 
coUeagues. 
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INTRODUCTION 

When, in 1861, Quincke (46) presented his data showing that, in general, 
substances of a colloidal nature possessed an electrical charge when in 
contact with a liquid, he formulated the idea of a double layer of charge, 
each layer opposite in sign, existing at the interface. Both of these he 
considered to be held rigidly in place, one layer of charge held at the surface 
of the substance and the other restrained in the liquid medium. 

Later this idea formed the basis of the Helmholtz (25) double layer 
theory and, finally, the Gouy (17) diffuse double layer theory, both of 
which attempted to explain the electrodynamic, stability, gelation, and 
coagulation characteristics of colloidal systems. Today the Gouy theory, 
with slight modifications, is still most generally accepted by colloid chem- 
ists as offering an adequate picture of the properties of electrocratic colloids 
in dispersion. 

To account for the existence and the formation of the electrical double 
layer at colloidal surfaces, two theories have been proposed. The ad- 
sorption theory, favored by Kruyt (27), Rabinowich (48), Weiser (56), 
and their coworkers and others, postulates that the ionic layer which 
confers the fundamental charge on a colloidal particle is firmly held at the 
surface by means of the preferential adsorption of ions from the dispersion, 
medium, whereupon the ions of opposite sign fbnn a diffuse system about 
the particle, owing to electrostatic attraction.* The solubility or ionogenic 
complex theory, whose main exponents are Duclaux (10), Nicolardot (39), 

> Presented at the Kxteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. 

* This paper is largely based on experimental work undertaken by S. Hirshon and 
compiled in his Master of Science thesis, Massachusetts Institute of Technology, 
1939. 

< For a critical discussion of the ideas favoring the adsorption theory see H. B. 
Weiser (Inorganic Colloid Chemistry, Vol. II, p. 76, John Wiley and Sons, Inc., New 
York (1988); and Vol. Ill, pp. 118 and 220, John Wiley and Sons, Inc., New York 
( 1 «»)). 
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Pauli (i2), Valko (ti), and their ooworkers, attributes the formaiaon of the 
diffuse las^ to ions dissodated frona the colloidal particles, viMth them- 
selves are considered as complex colloidal salts. The charge on the parti- 
cles exists because of the free valence ions on the surface of the com^dex 
salt. It must be admitted that the experimental evidence is by far in 
favor of the adsorption theory.* The ionogenic complex theory finds 
serious difficulty in explaining such simple experiments as those performed 
by McTa^art (35), showing the existence of an adsorbed chai^ on air 
•bubbles. 

Modem theories attempt to go one step further in regard to these ideas. 
Having obtained, in general, a picture of the colloidal micelle which com- 
prises the nucleus, of its surrounding ions, and of the process by which it is 
formed, they attempt to explain the interaction of the colloidal micelles 
with one another to produce coagulated, gelled, or stable systems. 

Freundlich (12), Hamaker (19), Houwink (^), and Kallman and Miss 
Willst&tter (27) have analysed colloidal suspensions, considering that the 
behavior of the individual particles in lyophobic (electrocratic) sols is 
controlled mainly by long-range van der Waals attraction forces and 
electrical repulsion forces, acting over shorter distances and due to the 
interaction of the diffuse ionic layers. On the basis of these assumptions, 
potential energy curves have been drawn representing the sununation of 
the repulsion and the attraction forces as a function of the distance sepa- 
rating any two particles. A colloidal suspension is considered stable 
when the net repulsion force acting between the particles is considerably 
greater than their kinetic energy, the force impelling the particles together. 
The system may be considered gelled when the particles lie at suitable 
distances from one another in minimum potential energy troughs formed 
under proper concentrations of electrolyte or concentrations of the sol, 
where a finite force will be required to move them. Finally, the system 
may be considered to be unstable when the net repulsion force between the 
particles has a value that is less than the kT of the particles. 

The theory appears to explain the behavior of colloidal suspensions in 
general, but the assumption of long-range van der Wads forces, which is 
necessary to account for the behavior of fairly dilute sols, has not to our 
knowledge been verified by experimental evidence. On the contrary, 
Langmuir (30) has dmionstrated with work on monolayers that the so- 
called molecular forces that are exerted between particles are usually 
effective only up to the distance of one molecular diameter. This was 
deduced from data which showed that, in general, on a given surface only 
the first mdecular layer was held by surface forcra, and also that chtm iyMi 

4 Admittedly the solubility theory may find application in the case of eolloidal 
dkqpernoni of high molecular weight, e.g., proteins, soaps, etc., which ai« known to 
. i<mi>e in solution. 
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in the contact angles of liquids resting on a surface covered with a mono- 
molecular layer could be ascribed to inversion of the molecules in the layer 
rather than to long-range forces. Langmuir has also pointed out recently 
that the theory fails to take into account the attraction forces due to the 
counter ions in the dispersion medium, which are sufficient to account for 
the cohesion of the particles in coagulation (30). The theory also fails 
to take into direct account thermal agitation and the variability of micellar 
charge on the individual particles which, in general, depends upon the 
concentration of micelles. 

Houwink (26) states that at present it seems impossible to explain, 
on the basis of the potential trough idea, the decrease in yield point that 
occurs with an increasing viscosity upon the addition of sodium chloride 
to a concentrated clay slip, although the theory from a physical viewpoint 
can explain the formation of gels in these systems. 

Thus at present the assumption of long-range van der Waals forces does 
not appear to be verified by experimental evidence nor does it appear to 
have a general application in explaining completely the physical behavior 
of any given colloidal system. 

Ostwald (40, 41) considers the coagulating forces of a sol to be the same 
as the interionic attraction forces in the dispersion medium. The activity 
coefficient of the counter ions in solution is thought of as a measure of these 
forces and is defined in accordance with the Debye-Hfickel theory (6) 
by the relation 

log / = -0.6(Z)-^ 

in which Z is the valence of the counter ion and u is the ionic strength. 

tt = 0.6 (M,Zi -I- MiZi) 

where Mi is the molality and Zi the valence of the anion, and Mt is the 
molidity and Zj the valence of the cation. Ostwald pictures a lyophobic 
hydrosol as resembling a mixed crystal, in that it consists of comparatively 
large micelles built into a highly disperse ionic lattice. With the aid of 
considerable data he has attempted to show that, for an arsenic trisulfide 
sol, coagulation takes place at the same activity coefficient value of any 
precipitating, or counter, ion. Fair agreement is shown by the coefficient 
values expected from the theory and those obtained from the data. How- 
ever, the theory is admittedly applicable only to the effect of neutral salts 
on lyophobic sols. Correlation appears to be obtained by the increase 
in the activity coefficients of mixtures of salts and their effect on ion 
antagonism. Figure 1, taken from Ostwald (41), is an example of theo- 
retical calculations showing tiiat antagonism becomes more pronoimced, 
the larger the valence difference between two salts, as in the combination 
at a numovalent salt with polyvalent salts. 
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Althou^ Weiser (68) pomte out that ooneiderable variations (up to 100 
per cent) in the data were ironed out by the method of averaging values 
to obtain agreement between theory and experim^t, the idea appears 
to have some basis, at least qualitatively. It is important to notice that 
the ions in the dispersion medium play an important part in the phenom- 
enon of coagulation; this is a point of great significance. 



Fio. 1. (a) Coagulation by a monovalent salt combined with a polyvalent one. 
(b) An example of the attempt to evaluate experimental cases quantitatively by 
Ostwald’s theory (taken from Ostwald). 


Recently Langmuir (29) and Levine (31) have attempted, applying 
theoretical considerations, to explain the electrolytic behavior of colloidal 
Gtystems solely on the basis of the interaction of the ions in the system, by 
using modifications of the Debye-Hlickel (6) theory. Itsngmuir believes 
that the coagulation of a sol can be considered as the shrinkin g of an 
“energy lattice," where the attraction forces are mmnly between the col- 
loidal particles and the charge of the counter ions in solution possessing 
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an opposite sign. To accoimt for the stability, coacervation, and the 
gelation characteristics of a colloidal S 3 rstem, he requires some new repul- 
sive force to balance the excess or electrostatic attraction and proposes 
an osmotic pressure term based on p = nRT/V, where the symbols have 
their usual significance. To allow for a decrease in the Coulomb attraction 
forces he postulates that a definite zeta potential, rather than a definite 
charge, should be assumed on the colloidal particles. This last assumption 
is contrary to the general behavior of colloidal systems, which at different 
stages of electrolytic purity show varying zeta potential values as calcu- 
lated from the Helmholtz-^louy equation. 

Levine differs from Langmuir, in that he construes the repulsive forces 
as originating from the charges on the particles in the system, which 
operate at short distances of separation of the particles. The attraction 
force he considers as arising from the Coulomb forces of attraction between 
the charges on the particles and their overlapping ionospheres, which are 
opi>osite in sign. He neglects the effect of the repulsion forces existing 
between the ions of like sign in the overlapping ionospheres, although this 
appears to be as important as the attraction forces between ions of opposite 
sign, and considers that overlapping may occur without deformation. 
Also, one must deduce from both Levine’s and Langmuir’s concepts of the 
electrolytic interaction of two colloidal particles that overlapping of the 
ionospheres must always occur, since otherwise two particles which have 
the same net charge must always repel each other when separated, owing 
to the electrical forces. However, the continual overlapping of iono- 
spheres remains to be proven. 

Furthermore, since both Langmuir’s and Levine’s theories are based 
on the Debye-Hiickel theory of electrolytes, one must accept with reserva- 
tions the formulas that they use representing the condition of the electrical 
forces between any two particles of colloidal dimensions. Hartley (20) 
(see also Mukherjee (38)) has pointed out that the ionic strength principle 
and the Boltzmann equation upon which the Debye-Hiickel theory is 
based break down with ions of higher valence and with ionic concentrations 
that are not extremely dilute. In general, the concentration of ions in 
colloidal syEtems where gelation and coagulation phenomena take place 
is relatively high. 

Notwithstanding that these authors admittedly fail to show adequate 
experimental data supporting their theories, and that the theoretical ideas 
upon which they are based have inherent defects, these ideas are a step 
forward in the direction advocated by Hartley (20), who pointed out that 
'‘in order to account for experimental results, some kind of association 
between the micelles and the ions of opposite sign must occur” and that 
*'the effect of this on the properties of the solution may be numerically 
greater than the direct atmo^here effects, but it will be considerably modi- 
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fied by them/’ It may be seen also that these ideas are related to those 
of Ostwald (41), in that the iilterionic forces of the dispersion medium 
have assumed a greater significance in stability, gelation, and coagulation 
of colloids. 

Thus it is evident that the realization of the importance of the ^^counter 
ions” in a colloidal suspension in controlling the behavior of the system 
has resulted in a new trend of ideas in order to take this effect into account. 

It is our purpose to discuss below a new theory, which was derived 
independently from an analysis of the viscosity behavior of mixtures of 
iron oxide and bentonite sols. It differs from the ideas above in that (1) 
it presents a concrete picture of the arrangement and distribution of ions 
in gelation and coagulation, and {2) it considers that the ions in the dis- 
persion medium apart from the micelles may interact with the colloidal 
micelles and produce gelled or coagulated systems.® 

THE MUTUAL REACTION OF SOLS 

Although considerable data have been obtained on the mutual neutral- 
ization of two sols, the order of their precipitation power, and their behavior 

* In opposition to theories which attempt to explain the anomalous behavior of 
colloidal suspensions on the basis of repulsive and attractive forces where otherwise 
the particles are independent of one another, Goodeve (16) considers that anomalous 
viscosity behavior occurs in colloidal suspensions where the particles are rod-like in 
shape and interfere with each other mechanically. For example, he assumes that 
the gelation of a bentonite suspension is due to the formation of links between the 
individual particles. When the system is disturbed by shearing forces, the rate of 
breakdown of the links between the particles caused by impulses along the linked 
chains determines the apparent viscosity of the system. However, Hauser and 
leBeau (21) present convincing ultramicroscopical evidence on a carefully frac- 
tionated system of bentonite, showing that when it is gelled the individual particles 
are separated from one another and that the formation of ultra flocks is an indication 
of the first stage of coagulation. Furthermore, small particle fractions of bentonite 
show little twinkling in the ultramicroscope, indicating that the degree of anisometry 
is not excessive. This is in agreement with the results obtained by Langmuir (29) 
on fractionated bentonite by polarimetric methods of analysis. He found that the 
ratio of length to breadth of the bentonite particles probably did not exceed the 
ratio of about 10 to 1, and that the particles are plate-like in shape. This evidence 
is supported by the work of other investigators (32). Thus it appears that the 
assuipptions upon which the mechanical theory of gelation are based— namely, that 
the particles form a continuous scaffolding structure and that they are generally of 
]^od-like shape, which would be necessary to account for structure formation in 
dilute systems— do not appear to be verified. 

Admittedly, however, in concentrated colloidal suspensions, mechanical and 
hydrodynamic effects may be of some importance in determining the viscosity 
behavior of the system, but hydrodynamic theories (see reference 49) are found to 
predict the viscosity effects of a suspension sometimes 100 times less than found by 
actual experiment. It would appear, then, that these ideas do not concern them- 
selves with the predominating influences controlling the viscosity behavior and 
gelling characteristics of colloidal systems in general. 
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with various concentrations of electrolytes (24), it has been only compara- 
tively recently that the formation of thixotropic gels consisting of a mixture 
of two suitable sols opposite in sign (22) was reported. Apparently, then, 
suitable mixtures of two sols of opposite sign can be made to react, in the 
same manner as pure sols with electrolytes, since gelation or coagulation 
can be produced with them. In spite of this similarity, the viscosity char- 
acteristics and the gel-forming behavior of such systems have been investi- 
gated by few and limited experiments. For the purpose of investigating 
the viscosity behavior of mixtures of sols of opposite sign, two systems con- 
sisting of iron oxide and bentonite were selected which, when mixed in 
suitable quantities, exhibited the phenomena of gelation and coagulation 
to a high degree. Each sol when mixed with appropriate amounts of 
electrolyte formed thixotropic (50) systems. Since the rotating-cylinder 
type of viscosimeter was shown by Pryce- Jones (46), McMillen (34), and 
others to be well adapted to yielding significant results in systems that 
are anomalous in their viscosity behavior, it was used in studsdng these 
mixtures. 


EXPERIMENTAL PROCEDURE 

Various samples containing different i>ercentages of a mixture of care- 
fully fractionated and dialyzed iron oxide and bentonite sols were prepared. 
The samples were maintained at a constant temperature prior to and 
during the time their viscosity behavior was determined. The Mac- 
Michael viscosimeter was employed to determine their behavior at a con- 
stant rate of shear as a function of time. Since thixotropic gels are known 
to behave differently depending upon their previous mechanical history, 
all samples, except for special reasons, w^ere stirred by a constant high- 
speed stirrer for a constant length of time prior to measurement of viscos- 
ity. The same sample was employed for a series of runs after having 
been aged for three weeks before use.® 

The stock solutions consisted of a dispersion of Wyoming bentonite of 
1.83 per cent concentration, having a pH of 2.28 and a sorption capacity 
of 94 (milliequivalents per 100 g. of clay), and Merck's 5 per cent “ferrum 
oxydatum dialysatum purum,” which was redialyzed prior to use and had 
a pH of 3.45. 


THE RESULTS AND THEIR INTERPRETATION 

The most significant results of the experimental work as outlined above 
are shown graphically on the following pages. They refer mainly to the 
viscosity behavior of iron oxide-bentonite systems, as determined by a 
viscosimeter of the rotating type. 

® The detailed experimental data are assembled in the Master of Science thesis of 
S. Hirshon, Massachusetts Institute of Technology, 1939. 
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Figure 2 demonstrates tiiat ivheii the iron oxide sol is added to ^ bento- 
nite sol the final equilibrium viscosity of the system goes through a first 
ma ximum and decreases through a Tninimnm , whence it goes through a 
second max i mum . The minimum region is evidently a coagulation effect, 
as was shown by the iq)pearance of large agglomerates in the viscommeter 
and by the low viscosity and absence of yield point of these systems. The 
&8t maximum may be considered as the greatest gelation effect induced 
in the bentonite sol by the addition of the iron oxide particles, and the 
second maximum as the greatest gelation effect in the iron oxide sol as 
induced by the addition of the bentonite particles. 



PER aNT ft,0, IN SYSTEM 

Fio. 2. Final equilibrium viscosity of various iron oxide-bentonite mixtures 
obtained with a modified MacMichael viscosimeter. 

In the region of the curve included between the viscosity of the pure 
bentonite S 3 ^tem and the center of the coagulated region, the systems were 
seen to undergo a pronounced change to a lighter color as they were stirred 
in the viscosimeter. This was taken as evidence that the bentonite 
particles were agglomerating about the iron oxide particles in this region 
as the system was brought into equilibrium. On the remaining portions 
of the curve the systems became slightly darker in color as they were 
brought into equilibrium. This indicates that in this region the iron oxide 
particles were agglomerating about the bentonite particles. (These 
dIEects may be independently observed by adding a small drop of an iron 
oxide sol to a considerably larger quantity of bent(mite sol; the large flocks 
which form may be seen to consist of an inner nucleus of dark irtm oxide 
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particles surrounded by the lighter colored bentonite particles. The re- 
verse can be demonstrated by using an excess of iron oxide sol.) 

This seems to show that as the iron oxide sol is added to the bentonite 
sol, the bentonite particles orient about the iron oxide particles, the greatest 
extent of this type of orientation occurring at the maximum point in the 
first region. Orientation is considered to occur when the forces acting in 
the system are sufficiently great to cause the particles to arrange them- 
selves in minimum energy positions with respect to each other and the ions 
surrounding them. Then, finally, the bentonite particles begin to act as 
nuclei for the iron oxide particles to orient and to condense around them, 
and the maximum effect of this behavior appears to occur at the second 

















L .. 













/T 










r 










1 


r 














— 5 — 





10 


2X i% SX ISX 30X 40X MX MX MX MX 

TIME AXIS 


Fio. 3. Viacosity curve trends of various iron oxide-bentonite mixtures obtained 
from original curves. Per cent of FetOi is given at right-hand edge of curves. 


maximum . Condensation is considered to occur when the system contracts 
as a whole (syneresis) or tends to form fiocks. 

These orientation and condensation effects are borne out by the trends 
of the viscosity curves of the various systems whose viscosity behavior was 
determined independently. Figure 3 shows that, up to the maximum in 
the first region of the curve (figure 2), the viscosity of the ssrstems increases 
from a low value to a high value as the equilibrium condition is reached. 
This is no doubt due to the increased orientation of the bentonite particles 
about the iron oxide parricles as the shearing of the system continues. 
After the first maximum , the trends of the curves show that the viscosity 
0$ the systems drops from a high value to a low value as they reach equi- 
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librium conditions (curves 3, 4). This behavior demonstrates that, as a 
result of incipient coagulation, the particles are condensing closer to each 
other as the shearing forces continue. At this stage individual flocks, 
udiich are less dependent upon one another, tend to appear. The action 
of the stirrer previous to the viscosity measurement had partially defloccu* 
lated the system. The maximum coagulating effect is shown by curve 5, 
which is a strai^t line, indicating that the viscosity of the system was 
constant throughout the time of measurement. Thus the viscosity effect 
in this system was due mainly to the mechanical interference of the coagu- 
lated flocks. 

As is seen from the trends of the remaining viscosity curves, the effect 
of the addition of bentonite sol to one of iron oxide yields effects in the 
initial stages similar to those obtained in the addition of iron oxide to 
bentonite. Thus curve 9 shows that the viscosity of the system increases 



Fig. 4. Final equilibrium viscosity of various bentonite-iron chloride mixtures 
obtained with a modified MacMichael viscosimeter. 


from a low value to a high value as the equilibrium point is reached, 
demonstrating the effect of the orientation of the iron oxide particles about 
the bentonite particles. 

The curves shown in figures 5 and 6 represent the viscosity behavior of 
the bentonite plus iron chloride mixtures, where the amount of iron chloride 
added to the bentonite system corresponded to the amounts of iron chloride 
found by anal 3 rsis as impurity in the bentonite-iron oxide mixtures. 

As shown by figure 4, the vi8C<»ity trends of these systems are in their 
first stages the same as in the iron oxide-bentonite mixtures. 

What is still more important is that the viscosity behavior of the individ- 
ual curves, as shown in figures 5 and 6, approximates the same behavior 
as exhibited in either the first or second region of the iron oxide-bentonite 
mixtures (figure 3). This would appear to indicate that the general 
mechanisms controlling the viscfxdty behavior of the iron oxide-bentonite 
mixtures were the same as in the bentanite-4ron chloride sucfiensions. 
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Thus again we may interpret these curves on the basis of orientation and 
condensation effects, but it is evident that in this case these must concern 
themselves with the reaction of the bentonite particles with the ions in the 
solution. Such an analysis leads us to the following concept: 

Since in the iron oxide-bentonite mixtures the bentonite particles were 
initially considered to be orienting and later condensing about the oppo- 
sitely charged iron oxide particles, we may consider that here the bentonite 
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Fig. 6. Original viscosity curves of bentonite-iron chloride systems, showing thei*^ 
behavior under constant rate of shear as a function of time. 

Fig. 6. Original viscosity curves of bentonite-iron chloride systems, showing their 
behavior under constant rate of shear as a function of time. 


particles are orienting and condensing about the ions of opposite charge 
in the dispersion medium. This may be considered to occur probably by 
adsorption of the chloride ions on to the bentonite particles, thus increasing 
their charge and the orientation of the now highly charged particles about 
the oppositely charged and ions in the dispersion medium. If 

this is true, then we must consider a new picture for the arrangement of 
ions in a colloidal system where a great amount of preferential adsorption 
is exhibited by the colloidal particles present. 
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We know that the electrical forces assodated with a given coll(»dal 
particle in electrdytic media arise from two sources. One set d forces 
arises from the ions predmninaatly of one sign, which are rigidly adsorbed 
on the surface of the particle, and the other set arises from the ions of 
opposite dgn, which gather about the particle in an effort to neutralise this 
charge. Since the particle possesses a net charge, we may assume that 
the total number of ions that gather about the particle in accord with the 
Qouy concept are not sufficient to neutralize the charge on the particle. 
Some of these ions of opposite sign may be floating about in random motion 
in the dispersion medium so that the dispersion medium has a charge 



Fio. 7. A simidified picture of the nature of the forces associated with the charge 
of a colloidal particle, the diffuse layer, and any given charge possessing the same 
sign as the particle, as a function of the distance separating them. 

opposite to that on the particles. A picture showing the relative magni- 
tude of the electrical forces associated with a given colloidal particle and 
demonstrating how this effect can occur, may be obtained from figure 7. 
line A represents the rate of decline of the electrical forces as one travels 
outward from the surface of the particle; this is due solely to the ions that 
pve the basic charge to the particle. This is essentially a plot of K/(P, 
where d is the distance out from the surface of the pmticle. Line R rejno- 
sents the rate of decline of the electrical forces associated with the diffuse 
double layer of net opposite sign and is also a {dot of the function of k/d^, 
whi^ k is smaller in value than the JC in the former espresrion,' and the 
vertical axis represents the center horn which all the ions of the diff iTSe 
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layer may be considered to be acting. This idea of a center of action is 
essentially the same as that assumed in the Helmholtz equation for the 
zeta potential. 

Thus, since the ions in the different layers are opposite in sign, we may 
consider curve A as representing the attraction forces associated with the 
particle, and curve R as representing the repulsion forces associated with 
the particle toward ions of opposing sign in the dispersion medium. To 
be concrete we shall let curve A represent the effect of negative adsorbed 
ions and curve R that of positive ions. 

We may observe from the diagram that up to the point of intersection 
the repulsion forces due to the diffuse layer predominate except at small 
distances out from the surface of the particle. Thus, an ion of the same 
sign as those in the diffuse layer cannot approach the vicinity of the particle 
beyond that point, since the effect of Brownian motion is relatively small. 
When we travel out beyond that point attraction forces, although relatively 
weak, are found to exist. It is a likely assumption that the kinetic energy 
of the individual ions is sufficient to prevent them from being restrained at 
this point, and hence they are moving about in random motion in the 
dispersion medium. However, although the forces associated between 
the individual ions in the dispersion medium and the ions of opposite 
charge on the inner layer of the colloidal particle are relatively small, 
considerable forces may be set up between the ions on the inner layer 
and the ions in the dispersion medium taken as a whole. In other words, 
the dispersion medium may act as an oppositely charged electrical field, 
which effects the condensation and the orientation of the particles (figure 8). 

Since the dispersion medium may be considered as possessing an excess 
of ions of the same charge, due to the adsorption effects of the colloidal 
particles, these may interact and form groups of ions which have a greater 
charge associated with them, as pointed out by Gurney (18). Thus these 
groups may act as nuclei about which the colloidal particles may condense, 
owing to forces of an electrical nature. On the basis of this idea, if orienta- 
tion and condensation do take place, this will occur up to the point where 
the attraction forces between the basic charge on the particles and the ions 
in the dispersion medium are balanced by the forces of repulsion between 
the ions in the diffuse layer and the ions in the dispersion medium. Thus a 
rigid gel may form, which may be made fluid by redistributing the ions 
in the system (by shaking); see figure 8. It is difficult to form an inte- 
grated picture of the whole process, because as orientation and condensa- 
tion take place the diffuse layer surrounding the particles is probably 
compressed; this results in a further neutralization of the basic charge on 
the particles which, in turn, changes the nature of the forces surrounding 
them. However, it is seen that the particles of a colloidal suspension may 
mdent under suitable conditions into fixed poations, where their behavior 
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is controlled prodominantly by electrical forces. This orientation may 
then result in the condensation of the purticles about the ions in the dis- 
perdon medium, so that finally coagulation is achieved. As the pcture 
of ibis process depends upon the adsorption characteristics of the particles 
and the ions and upon the charge on the ions, we shall attempt to show how 
it ehcmges with variations in these factors. 

COAGULATION OF A COLLOID BY 
ELECTfWLYTE 





COAGULATION 


Fig. 8. Simplified picture of the mechanism of gelation and coagulation, showing 
the formation of an ionic field due to preferential adsorption. 


It is known from experiment that to obtain the maximum gelation effects 
in an electrocratic colloidal system, monovalent ions that possess a sign 
opposite to. the chai^ on the sol are most suitable. Furthermore, the 
effectiveness in this respect seems to follow the Hofmeister series. In other 
words, for our negative bentonite sol or a vanadium pentoxide sol, the 
effectiveness of the ions inducii^ gelation follows the series lithium, sodium, 
potassiinu, hydrogen, etc., and it is important to note that the effectiveness 
of (be adsorption of the ion in the diffuse layer increases as we travel from 
fitiiiiun to hydrogen. Numerous experiments by Weiser (59) and co- 
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workers have shown this to hold. This would appear to show that the less 
strongly the ion carrying a sign opposite to that of the sol particle is ad- 
sorbed in the diffuse layer, the more powerful it is in forming gels and 
causing coagulation. This is in accord with the idea discussed above, for 
the less adsorbed the ion is, the greater tendency it has to move about in 
the dispersion medium and create stronger forces to exist between the sol 
and the dispersion medium. On the other hand, we should expect that 
polyvalent ions would behave altogether differently from monovalent ions. 
First, they would be more strongly adsorbed in the diffuse layer because 
of the greater electrostatic attraction and, secondly, there would be greater 
forces of repulsion between the ions of like sign in the dispersion medium, 
thus reducing any tendency of interaction of the ions to form ionic groups 
and making the system more diffuse. For this reason, the mechanism of 
coagulation should be considered as somewhat different in the case of the 
polyvalent ions from the case when monovalent ions are employed. Since 
in the case of coagulation by pol 3 rvalent ions the forces, as pointed out 
above, between the particles of the sol and the dispersion medium are 
relatively small, coagulation must be due mainly to the neutralization of 
the charges on the particles. This allows the particles to be impelled 
together by their kinetic energy, so that they may be held together by 
molecular forces acting at short distances of separation. This is borne 
out by considerable experimental data, which show that an appreciable 
charge exists on the particles of certain sols when coagulated by monovalent 
ions and practically no charge exists on the sols when they are coagulated 
by polyvalent ions (2) (figure 9). 

Thus the electrocratic behavior of a sol depends in general upon the 
individual adsorption characteristics of the ions in the systems and the 
adsorption behavior of the colloidal substance present. Since these char- 
acteristics may vary to a great extent, one may see how it is that experi- 
mental rules, such as the Schultze-Hardy rule, for predicting the electro- 
cratic behavior are extremely qualitative in nature. 

It has been pointed out that, if monovalent ions are added to an electro- 
cratic system where considerable preferential adsorption takes place, the 
effect will be a certain dependence of the behavior of the particles upon the 
dispersion medium. If an electric potential is placed across the system, 
there will be expected an electroviscous drag, caused by the dispersion 
medium moving toward one pole and the particles toward the other. Such 
an effect has already been observed by Quincke. 

The experiments performed by Briggs (2) (figure 9) on the electrophoretic 
behavior of arsenic trisulfide sols with electrolytes may be interpreted in 
the light of the idea proposed above. It is seen that when potassium 
chloride is gradually added to the sulfide sol the electrophoretic velocity 
(E. F.) first drops, then rises through a maximum. The explanation is 
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SB follows: When potasBium ddorido is added to the i^rstem, preferential 
adsorption of chloride ions takes place at first, leavii:]yg an excess of potas- 
■rntn ions in the dii^rsion medium. Although the chai^ on the pmrticles 
i>^y i actually increased, a decrease in the E. V . results, owing to the electro- 
viscous effect of the dispersion medium which tends to move in the direc- 
tion opposite to that of the particles. Further addition of potass i u m 
cldoride presumably results in no further preferential adsorption, and 
thraefore ions of both signs mix in the dispersion medium with the potassium 
ions already present. This reduces the electrical potential of the dispersion 



Fig. 9. Electrophoretic studies on an arsenic trisulfide sol, illustrating the effect 
of ions of different valence in controlling mobility and coagulation. The arrows 
indicate where coagulation results. (Taken from Briggs) 


mPfli nm and hence the electroviscous effect is reduced. This is evidenced 
by an increase in the electrophoretic velocity of the particles. Finally, 
the concentration of potassium chloride is sufficiently large to compress 
the diffuse double layer surrounding the particles, so that the charge on the 
particles is reduced and the electrophoretic velocity drops. 

As shown by the action of barium chloride, pol3rvalent ions behave 
differently. (Dompression of the double layer is effected from the start, 
owing to the greater adsorption of the barium ions in the diffuse layer. 
This resulijs in a decreasing electrophoretic velocity as the salt, is add^. 

It should be pointed out that the initial purity and concentration of the 
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sol will have a considerable influence on the subsequent behavior of the sol. 
If the sol contains a condderable amount of electrol 3 rte to start with, then 
the addition of more electrolyte wiU result predominantly in the compres- 
sion of the double layer and little preferential adsorption of ions. Or, if 
the sol is extremely dilute and does not contain a very large amount of 
electrolyte, the electrophoretic velocity of the particles may increase upon 
the addition of monovalent ions, owing to the reduced effect of the dis- 
persion medium upon the sol. 



CONCEHTfiATlON OF EUCTROLYTES pH 

Fig. 10 Fig. 11 


Fig. 10. The effect of monovaleiit ions on the electrophoretic velocity of an 
arsenic trisulfide sol (c/. curve III with part a of figure 9). (Taken from Mukherjee) 

Fig. 11. Effect of sodium hydroxide on the mobility of aluminum oxide sol and 
bentonite. 

Data reported by Mukherjee et al. (37) (figure 10) show that, in a purified 
sol which exhibits preferential adsorption of the anion, the addition of 
lithium, sodium, and potassium salts initially causes the electrophoretic 
velocity to go through a minimum. The greatest initial reduction in 
electrophoretic velocity occurs with lithium as counter ion. In accordance 
with the order mentioned, the potassium ion results in the least reduction. 
This order agrees closely with the adsorptive power of the ions in accord- 
ance with the Hofmeister series, where the lithium ion is the least adsorbed. 
Hius the effect produced is just what would be predicted from the theory. 

Also in line with this idea are the experiments of Hazel (23) (figure 11) 
in regard to the behavior of the electrophoretic velocity of bentonite 
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puiaoles with the concentration of sodium hydroxide. The initial reduc- 
tion in the electrophoretic velocity may be attributed to the replacement 
of liie hydrogen ions, which react with the hydroxide ions to form water, 
by the sodium ions, which are adsorbed to a lesser extent in the diffuse 
layer and are more easily ionized from the bentonite particles. Thus, a 
considerable electroviscous effect is produced by the increase of the electric 
potential of the dispersion medium. 

The increase in electrophoretic velocity that follows is due to the addition 
of the negative hydroxide ions as well as the positively charged sodium 
ions to the dispersion medium, since at this point, as is indicated by the 
pH value of 6.8, the majority of the hydrogen ions have reacted to form 
water. Thus the electroviscous effect of the dispersion medium is reduced. 

Presumably the repression of the ionization of the sodium ions from the 
bentonite particles, due to the increasing concentration of the electrolyte, 
is the cause of the second decrease in mobility, and the final increase in the 
electrophoretic velocity is probably due to the adsorption of hydroxide ions 
on the bentonite particles at the high pH values. 

At a pH of 4.5 the charge on the particles may well be a maximum even 
though the electrophoretic velocity is a minimum, since the minimum is 
due to the electroviscous effect and not to a reduction in charge. The 
Helmholtz-Gk)uy equation may not yield the correct particle charge, be- 
cause it does not take into account the effect of the dispersion medium in 
controlling the behavior of the sol. 

In the same diagram the electrophoretic velocity of the aluminum oxide 
is seen to increase through a maximum, presumably only because the sol 
is too dilute for the limited amount of preferential adsorption to result in a 
measurable minimum electrophoretic velocity. This type of curve is 
simUar to those obtained on negative platinum sols by Pennycuick (44) 
(figure 12). 

The Burton and Bishop (3, 4) rule, which states that, in general, for 
monovalent coagulating ions the precipitation ratio increases with decreas- 
ing concentration of the sol and with polyvalent coagulating ions the floc- 
culation value decreases with decreasing concentration of the sol, can well 
be correlated with our concept of the mechanism of coagulation with 
different valence ions (figure 13). (Although Weiser and Nicholas (68) 
claim that the rule does not always hold, in view of the behavior of hydrous 
made sols, recently Ghosh and Dhar (15) have shown that when these sols 
are sufficiently purified they follow the rule.) In the case of coagulation 
with monovalent ions in the concentrated sol, the preferential adsorption 
of one ion causes the particles to condense about various points in the 
dispersion medium. Also, at the same time compression of the diffuse 
double layer occurs. Thus when complete coagulation occurs, all the ions 
in the sol take part. On the other hand, in the dilute sol the particles are 
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Conetntrttion. Millimolt p«r Uter. f«r NaOH, NaO. KCN 



Fig. 12. The effect of various ions on the electrophoretic velocity of colloidal 
platinum. (Taken from Pennycuick) 



Fig. 13. The effect of the concentration of a sol on the coagulation value of ions 
of different valence. (Taken from Ostwald) 
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less dependent on tiie forces in tite diiq)er8ion medium and coagulation must 
take place primarily by the reduction of the charge due to the adsorption 
of ions of opposite sign. To effect the adsorption of a sufficient number 
of ions, a laiiger concentration of electrol 3 rte is required in the dilute sol. 

On the other hand, the decrease in the flocculation value obtained by 
dilution of the sol with polsrvalent coagulating ions is what is to be expected, 
since coagulation in any case occurs mainly by the neutralisation of the 
charge on the individual particles by adsorption of the polyvalent ions, the 
extent of which is determined by the concentration of the ions in the solu- 
Uon. When coagulation occurs in the concentrated sol, the agglomerated 
particles entrain considerable electrolyte from the solution, requiring more 
electrolyte to coagulate the remaining particles. In dilute solution there 



Fio. 14. Influence of ion antagonism exhibited by mixtures of salts on the coagula- 
tion value of an arsenic trisulfide sol. (Taken from Weiser) 


is relatively little entrainment, so that there is a decrease in precipitation 
value. 

The phenomenon of ion antagonism, which was originally observed by 
Linder and Hcton (32) and which has been extended more recently by 
Chaudhury and Sen-Gupta (6), Rabinerson (47), Weiser (65), and others, 
may be interpreted in view of the concept proposed above. As shown in 
figure 14, the coagulation of the arsenic trisulfide sol with the salt pairs 
involving bivalent mid monovalent coagulating ions requires a precipi- 
tating power that is greater than that of each salt alone. We may visual- 
ise the process in this way: If we add a small amount of monovalent 
coagulating i<m to the sol, then presumably the kinetic energy of the 
particles will decrease, owing to the increased dejiendenoe of the particles 
upon the forces in the dispersion medium. Since coagulation by poly- 
valent ions is mainly controlled by ^e reduction of the chiiige ol the 
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particle to a critical point where the kinetic energy of the particles may be 
effective in coagulating one particle with another, then with a reduction 
of the kinetic energy of the particles the charge on the particles must also 
be reduced further to effect coagulation. So for coagulation to ensue, a 
greater amount of precipitating power of the polyvalent ion is required 
than under normal conditions. 

The theory proposed herewith appears to correlate well with a great 
variety of existing experimental data, and therefore may offer a new means 
of predicting the behavior of electrocratic sols and a better understanding 
of the gelation and coagulation of electrocratic colloidal dispersions in 
general. 
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Studies in Clay Films^ 
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In a previous publication (5) it was demonstrated that self-supporting, 
coherent films could be obtained from bentonite gels^ by spreading the gels 
on an appropriate support and dr 3 dng them in this condition. The films 
so obtained have become generally known as Alsifilm (aZuminum azlicate 
film). Since they are entirely composed of pure clay, they offer a new and 
interesting condition of matter for colloidal studies. 

PARTICLE SIZE VS. WATER CONTENT OF DRY FILM 

Instead of producing crude Alsifilm from a polydisperse gel (a gel con- 
taining particles of different sizes but all of colloidal dimensions), it was 
found that films produced from monodisperse gel fractions (7, 14) retained 
different amounts of water. These variations are shown graphically in 
figure 1. The results demonstrate that the water content of the films 
increases with decreasing size of the original particles. This would agree 
with previously reported data on the amount of w^ater adsorbed on clay 
particles of fractions of different sizes present in a sol (6). 

For the determination of the total water content of a clay particle we 
must also consider the osmotically imbibed water. In this connection 
it has been found that the withdrawal of the osmotically imbibed water 
from clay gels is easier, the smaller the original particles (2). This is in 

' Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6~8, 1939. 

* Present address : Dewey & Almy Chemical Company, Cambridge, Massachusetts. 

• The term ‘'bentonite'' as used in this paper refers, unless specifically indicated 
otherwise, to the colloidal-sized particles of the swelling type of the mineral mont- 
morillonite, which constitutes the major part of our natural bentonite deposits. All 
impurities and supercolloidal particles have been removed from the systems used in 
this work, either by sedimentation or by supercentrifuging. For the present studies 
a bentonite mined in Wyoming was used exclusively. It is a sodium hydrous alu- 
minum silicate. However, identical results have been obtained with hydrous 
magnesium silicates having alkali cations as counter ions attached to the complex 
colloidal anion. 
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agreement with the experimental fact that coherent self-supporting filmn 
can be more quickly produced from gels containing fine particles. This, 
hourever, would indicate that such films, having once been deposited to a 
coherent structure, should have the smallest mnount of retained water. 
One am explain this apparent, discrepancy by accepting the structure for 
montmorillonite as postulated by Hofmann, Endell, and Wilm (9) and by 
a ssuming one of the following theoretically conceivable possibilities as to 



APnUKNT AV£ PARTiae size m mu 


Fio. 1. Moisture content of crude Alsifilm veraua particle size of ori^nal bentonite gel 
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Fio. 2. Theoretical possibilitiee in the formation of large clay particles. la, 
growth by stacking of unit layer parcels along the c-axis of the unit crystal; Ib, 
growth by stacking simultaneously along at least two axes of the unit crystal; II, 
random agglomeration of unit crystals; III, alignment of unit crystals along the o- 
axis or the b-axis by micellar cohesion forces; IV, originally large crystals. 

the difference in particle sises (figure 2): (I, a and b) The larger particles 
consist of a multitude of layer parcels stacked together in the direction of 
at least one axis of the unit crystal. (II) The larger particles are ran- 
domly oriented aigdomerates of layer parcels. (Ill) A series of imit layer 
parcels is held together in chain formation in the direction of the a- and 
b-axes of the unit crystal, thus forming fibrillar aggregates. < (IV) The 
presoice of particles with the original o-ams or b-axis extended. 





CLAY FILMS 


1039 


In all these cases it will be more difficult to withdraw the imbibed water 
from the film made up originally of small particles than from the gel, 
because decreasing original particle size increases the capillary interstices 
in the film structure. This is substantiated by the fact that films produced 
from fractions of fine particle size show no change in water content even 
after prolonged storage in air, whereas films made under identical condi- 
tions from fractions of coarse particle size exhibit a noticeable drop in 
water content during the first days of storage. 

The formation of Alsifilm is the result of the particles present in the gel 
lining up in some way and forming fibrillar interweaving crystalline 
aggregates. 


IKFLTTBNCE OF TEMPEBATUBB 

Further proof of the above discussion is offered by the fact that films 
that have been dehydrated once at different temperatures (110®, 180®, 
250®, 400®, 550®C.) will pick up the same amount of moistiure if placed in 

TABLE 1 


Moialure content of bentonite filmt vereut temperature 


TIMPKRATUm 

MOSRITBa COHTBIIT 

76 mu* 

47 mu* 

S7m#* 

• c . 

jMratnl 

p&rcmU 

pdreani 

no 

6.1 

5.0 

5.0 

180 

2.7 

2.8 

2.7 

260 

1.9 

1.9 

1.9 

400 

1.3 

1.4 

1.4 

660 

0.8 

0.8 

0.8 


* Apparent original particle aize. 


air (40 per cent moisture content) irrespective of their original particle 
size. The results are recorded in table 1. Such films, if brought in con- 
tact with water, will swell visibly, eventually be reconverted to a gel, and 
finally peptize to the sol condition. 

Films that have been heated up to 700®C. and 800®C. will no longer pick 
up water either from the surrounding atmosphere or if immersed in water. 

These facts substantiate previous observations that the colloidal proper- 
ties of the bentonitic clay particle remain practically unaltered up to about 
700®C. At higher temperatures a complete collapse of the lattice prevents 
offluotic imbibition. 

An interesting, but so far not yet fully explainable phenomenon is the 
fact that films deposited from electrodialyzed or hydrogen bentonite pick 
up nearly twice as mueh water as regular crude Alsifilm, inasmuch as they 
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have not been subjected to temperatures above 250‘’C. The results are 
recorded in table 2. The most probable reason for this phenomenon is 
that an irregular agglomeration of the clay particles’ takes place during 
their transformation into hydrogen bentonite. The agglomerates would 
again tend to include larger quantities of water. The tendency to agglom- 
erate and form clusters has been verified by ultramicroscopic observations. 

TABLE 2 


Moisture content of hydrogen bentonite film versus temperature 
Apparent original particle size — 47mM 


TBIIPBRATCBB 

MOlVrVBB CONTBira 

•c. 

ptretni 

25 

10.9 

no 

6.5 

250 

2.3 

400 

1.3 

550 

0.8 



TCMPCRATURC/C. 

Fig. 3. Moisture pick-up of Alsifilm in water made from hydrogen bentonite after 
having been heated to different temperatures. 

It’has long been known that hydrogen bentonite, if once fully desiccated, 
can no longer be redispersed in water. This phenomenon can be demon- 
strated nicely with hydrogen bentonite films. Figure 3 shows the water 
pick-up of such films, which had been heated to various temperatures for 
18 hr., then placed in water at 25®C. for 48 hr., and air-dried, in comparison 
with the pick-up by regular films. Even the films that have been heated 
to temperatures below 180"C. do not redisperse, but they are too fragile 
to be handled as coherent sheets. 
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Presumably what happens during progressive dehydration is that two 
unit parcels are forced so close to each other that the forces acting between 
them become predominant. The relatively low temperatures needed to 
bring about such a change could be explained by the fact that the hydrogen 
ion is the least hydrated ion. 

INFLUENCE OF ELECTROLYTES ON THE CRUDE FILM 

Most interesting of all reactions is the influence of different electrolytes 
on the properties of Alsifilm. The well-known fact that swellable sodium 
montmorillonite exhibits a large base-exchange capacity in comparison 
with the non-swelling types (fullers’ earth) or with kaolinites led to experi- 
ments to determine whether such base exchange could also be accomplished 
if the clay were present in film form. For this purpose crude Alsifilm was 
immersed in saturated solutions of different electrolytes. 

TABLE 3 


Moitture content of films treated with potassium hydroxide 


ilLM 

1 

1 MOUTUBB CONTENT 

I 


76 m/i* 

47 mu* 

27 mft* 

Original film 

Film treated with potassium hydroxide . 

Film heated to 110®C. after treatment. 

After immersion in water 

percent 

5.4 

4.4 

0.3 

7.2 

per cent 

5.5 

4.7 

0.6 

7.3 

percent 

6.1 

4.7 

0.6 

7.8 


* Apparent original particle size. 


The use of saturated solutions, or at least highly concentrated ones, 
is necessary in this case, as otherwise the film would peptize prematurely. 
This means that base exchange must take place in the presence of a concen- 
tration of cations such that neutralization of the particle charge at the 
same time is guaranteed. 

Alsifilm immersed for 12 hr. (at 25®C.) in a saturated solution of potas- 
sium hydroxide showed upon analysis complete replacement of the sodium 
originally present. The moisture content dropped from 5.4 per cent in 
the originaJ film to 4.4 per cent after treatment and to only 0.3 per cent 
after heating the treated film to llO^C. for 18 hr., i.e., its moisture content 
was far below that of the original dry clay. Even when a film so treated 
had been immersed in water for 2 days, it had picked up only 7.2 per 
cent. The film no longer swelled and remained absolutely coherent. 
Films ma4e from originally finer dispersions resulted, as was to be expected, 
in slightly hi^ier figures for moisture content, but the values were still 
of the same order of magnitude. The results are given in table 3. 
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With lead acetate we again obtain complete exchange of tlw sodium 
and the onall amount of potassium present in the natural materid. In 
this case the water content of 5.4 per cent of the original film dropped to 
2.4 per cent after treatment and to 0.5 per cent after having been heated 
to 110*C. for 18 hr. After immersion in water for 2 days the treated 
and heated films showed a moisture content of 8.8 per cent. Again, no 
signs of swelling and disintegration were observed, the films being abso- 
lutely resistant to the influence of water for many months. Results 
obtained with fractions of finer particle sise again lie slightly higher. The 
results are recorded in table 4. 

The treatment of crude Alsifilm with other electrolytes, as, for example, 
silver, resulted in complete base exchange, but these films were not water- 
resistant (for an explanation, see below). 

It is interesting to note that small amounts of magnesium could always 
be detected in the treating bath (prepared from c.p. chemicals and con- 

TABLE 4 

Moisture content of films treated with lead acetate 


flUl 


Original film 

Film treated with lead acetate 

Film heated to 110®C. after treatment . . 
After immersion in water 

* Apparent average particle size. 


percent 

percent 

1 percent 

6.4 

6.6 

1 6.1 

2.4 

2.8 

2.9 

0.6 

I 0.7 

0.8 

8.7 

8.9 

8.9 


ductivity water) after treatment of crude films. This indicates that 
measurable quantities of magnesium have been removed during treatment. 
Since the presence of magnesium as counter ion is highly improbable, 
however, its presence in the lattice being an accepted possibility (11, 12), 
this fact seems to substantiate the findings of Kelley, Dore, Brown, and 
Jenny (10, 11), who were able to remove from bentonite, ground for a 
prolonged time, increasing quantities of magnesium and potassium. An 
x*ray analysis of the ground material showed a partial destruction of the 
crystal lattice. In the present case, also, a marked change in structure 
was found by x-ray and microscopic analysis. 

Another fact of interest is the amount of cation retained by treated filma 
deposited from fractions of different particle sises. It was found in the 
case of lead acetate that the fiilms produced from a particle sjae range 
of 67 to 85 m^it retained 12.13 per cent lead, those made up of particles 
ranging from 44 to 50 m^i retained 14.18 per cent, and iJbose dl particles 
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between 24 and 30 m/u retained 15.16 per cent lead. A film deposited from 
hydrogen bentonite of the finest fraction retained even 20.7 per cent of 
lead. This fact is in contradiction to the data given by E. A. Hauser and 
C. E. Beed (8), who found that the total base-exchange capacity of bento- 
nite in dispersion was practically independent of particle siae. No fully 
satisfactory explanation for this discrepancy can yet be offered. How- 
ever, the loose network structure of crude bentonite films, as demonstrated 
by ultramicroscopic studies (5), might offer an answer. The fabric-like 
structure is denser when depositing a film from fractions of fine particle 
size than from fractions of coarse particle size. This makes increasing 
mechanical inclusion highly probable. 

STRUCTURE OF FILMS 

The reactivity of the crude film finds its explanation in an extensive 
x-ray study, to be published in detail in the near future. Diffraction 
patterns obtained by x-ray radiation perpendicular and parallel to the 
plane of the film have demonstrated that the unit crystals lie with their 
c-axis perpendicular or at a slight angle to the plane of the film, so that the 
individual lattice layers must lie parallel or at a slight angle thereto. 
Reverting to the four theoretical possibilities as to the difference in particle 
size, we are now in a better position to consider their probability. The 
fact that crude films when immersed in water swell predominantly in regard 
to their thickness would conform to all possibilities. 

Possibility IV can be eliminated, as large particles would have to be 
detectable by microscopic observation and sedimentation analysis. 

Possibility II seems highly improbable, because the presence of unori- 
ented agglomerates would call for unoriented growth upon desiccation; 
moreover their presence would be detectable. This would be contrary 
to the observed film structure. 

Possibility III must be considered as likely, especially if one accepts the 
recent theories of gelation and alignment, as only such an assumption 
would explain the loose coherence of particles surrounded by ionic atmos- 
pheres of identical charge. 

On the basis of all the reactions possibility I seems to furnish the most 
plausible explanation of the formation of the film structure. From the 
two theoretical possibilities schematically shown in parts la and Ib of 
figure 2, the stacking of unit crs^stals according to Ib seems the most 
probable configuration. This arrangement is the only one that is able 
to explain the phenomenon observed when a thin strip of the film is ham- 
mered in its middle with the edge of a ruler. The fiilm bends on both free 
ends, owing to displacement of the stacks against each other when im- 
pacted. If the film is then turned over amd the procedure repeated, it will 
flatten out first and then bend upward in the opposite direction as before. 
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A film that has been previously treated with electrolytes and been made 
watep>re{dstant thereby will no longer show this phenomenon. This is 
in full agreement with the explanation offered for water resistance as 
schematically demonstrated in figure 4b. 
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Fio. 4. (a) Schematic drawing of the structure of mica (muscovite) projected at a 
plane normal to the a-axis (from VY. L. Bragg), (b) Probable bonding of unit layer 
parcels by large cations in water-resistant Alsifilm. 

A combination of possibilities I and III is equally conceivable and 
would also be in accord with the facts so far discussed. 

The fact that films treated with certain electrolytes lose their ability to 
swell appreciably or to redisperse completely, udiereas the treatment with 
other electrolytes results only in base exchange, is of importance. A 
Cftr^ul study of the cations causing water resistance and those which do 
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I. INTRODUCTION 

The exact quantitative interpretation of the various properties of col- 
loidal electrolytes meets with a number of difficulties, and progress is 
possible only through the use of drastic simplifications and assumptions. 
Any theory that tries to take account of more factors than can be handled 
simultaneously by rigorous methods will never reach a stage where sig- 
nificant comparison with experimental data can be carried out. On the 
other hand, simplif3ring assumptions should be systematically applied to 
the interpretation of the data before any opinion as to the respective 
merits and defects of these assumptions is expressed. The method should 
be the following: Having at one's disposal reliable data corresponding to 
one or several properties of the systems under consideration, one sets up 
the exact equations describing these properties according to the simplify- 
ing assumptions previously adopted. These equations are written for a 
number of different concentrations, and solved for the unknowns cor- 
responding to the assumptions chosen; for instance, as in the work dis- 
cussed in the present paper, the numbers of positive and negative simple 
ions associated in the average micelle. If the equations are compatible, 
and if their solutions are at all plausible, something tangible with some 
element of truth has probably been obtained. One at least knows exactly 
^‘where one stands" regarding the assumptions at the basis of the treat- 
ment. The present confusion of the subject and the conflicting theories so 
far proposed should be clarified to some extent by the use of the method 
here suggested. In a previous paper (16) the author has tested in this 
manner the application of the Debye-HOckel theory to the interpretation 
of osmotic data of two colloidal electrolytes, Congo red and sodium 
thymonucleate, in aqueous solution, the assumption being that a negative 
micelle with a large charge is present. The equations were solved for 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1989. 
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the ionic diameter o of the Debye-Htlekel theory, the charge of the nega> 
tive micelle being assumed constant but large enough to make the function 
<r(iEa) of the theory smaller than unity, as required to make a positive. 
When a turned out to be fairly constant over the whole range of concentra- 
tionB, a reasonable model for the electrolyte was assumed to have been 
obtained. The method, in spite of several imperfections, works in the 
n^t direction and explains, at least qualitatively, the very low osmotic 
pressures exhibited by these electrol 3 rtes. The assumptions involved in 
such a treatment have been discussed by Hartley (2). Veiy recently, 
the main ideas of the Debye-Hftckel theory have been applied by Levine 
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C, MOLES PER liter 

Fio. 2 


Fio. 1. Variation with concentration of the osmotic coefficient and of the con- 
ductivity ratio of aqueous solutions of laurylsulfonic acid. 

Eio. 2. Number (x) of laurylsulfonate ions and number (*) of hydrogen ions in 
the average micelle of laurylstdfonic acid solutions. Apparent degree of ionization 
-((* - z)/x). 


(6) to the problem of stability in hydrophobic colloidid solutions. The 
Debye-Hiickel theory is also used in the theoretical considerations re- 
cently published by Langmuir (6). 

At the suggestion of Professor McBain we have attempted to interpret 
the properties of aqqeous solutions of lauryl(or dodecyl)sulfonic acid, for 
which conductivities (10), freezing points (11), and electromotive forces 
(12) have been measured by McBain and !^tz, and diffusion coefficients 
by Mrs. McBain (7). Further conductivity and fx^tang point data are 
reported in a recent paper by Mrs. McBain, Dye, and Johnston (8). On 
figure 1 are plotted the osmotic co^oiente, t, and the molar conductivities, 
A. The t values correspond to van't Hoff’s defini tio n and ion deduced 
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for round concentrations from Johnston’s data by means of linear inter- 
polation between consecutive experimental points. At concentrations 
larger than 0.1 we have assumed i constant and equal to its value 0.280 
at 0.1, while McBain and Betz’ values for the range 0.1 to 0.8 vary from 
0.326 to 0.318, with a minimum of 0.290 at a concentration of 0.36. Dif- 
ferences of this order have a negligible influence on our calculations. The 
A values are those of Mrs. McBain (8) and of Betz (9), obtained at 25°C. 
These are used in conjunction with i values corresponding to the freezing 
point. 

The presence of colloidal micelles in these solutions is obvious and, with- 
out adopting any a priori assumption as to the possible presence of several 
tjrpes of micelles, we shall attempt to account for these two properties 
(osmotic coefficient and conductivity) on the basis of an average micelle 
whose composition changes with concentration. The results will then be 
used in a discussion of diffusion coefficients. Although interionic forces 
are undoubtedly at play, their effect is certainly small compared with the 
ideal properties of the associative model, just as in the case of dilute 
strong electrolytes ideality in terms of complete dissociation is responsible 
for the main portion of the thermodsmamic properties. With many col- 
loidal electrolytes the model is still to be found, and refinements or correc- 
tions taking electrostatic and other forces into account have but little 
significance as long as the problem of finding the correct model is not 
solved. 

Ideality implies constancy of mobilities for the simple ions. The mobil- 
ity of the average micelle, however, changes with size and chaise. We 
shall calculate this mobility according to Stokes’ law, along the lines sug- 
gested long ago by McBain (9). A posteriori interpretation of diffusion 
data seems to confirm the validity of this application of Stokes’ law. 

n. OSMOTIC COEFFICIENTS AND CONDTTCTIVmBS OF LAURTLStniFONIC ACID 
IN AQUEOtrS SOLimON EXPLAINED ON THE BASIS OF AN 
AVERAOB NEGATTVELT CHARGED MICELLE 

At each concentration we assume that we have exclusively an “average 
micelle,” H Jj., consisting of z hydrogen ions (H+) and x laurylsulfonate 
ions (L~), together with the compensating amount of free hydrogen ion. 
The chai^ x — zoi the micelle is balanced by that of * — z free hydrogen 
ions. Calling C the total concentration of acid in moles per liter of HL 
(exact formula: HCuHitSOt), and designating by (H'*') and (H.L.) the 
respective concentrations of free ions and micelles, we have the following 
two stoichiometric conditions: 

(H+) + z(HJ..) - C 
z(H4..) - C 


( 1 ) 

( 2 ) 
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The osmotic coefficient, i, is such that 

(H+) + (HJb.) = iC (3) 

We shall assume that this law, strictly valid only at low concentrations, 
applies to the whole range of concentrations considered here, i. e., up to 
0.8 molar. Calling A+ and A. the molar conductivities of H'*' and HfLs, 
the molar conductivity. A, of the electrolyte is such that 

(H+)A+ + (H.L*)A_ = CA (4) 


For each particular concentration C we have four unknowns: x, z, (H+), 
and (H,L*), but we also have four independent equations. Let us note 
that any incomplete dissociation is automatically taken into accoimt in 
the average micelle. This likewise includes any free simple sulfonate 
ions. A treatment of this t 5 q)e could actually be developed for an elec- 
trolyte like acetic acid, for which one would find an average negative ion 
intermediate between the acetate ion and the neutral acetic acid molecule, 
the charge of this “average ion” being a function of the total concentration. 

In formula 4 we shall take A+ = 350, the limiting value of the molar 
conductivity of hydrogen ion at infinite dilution at 25®C. For the simple 
laurylsulfonate ion, i. e., when a: = 1, 2 = 0, we have A_ = 22, according 
to the latest experimental data from this laboratory (8). 

On the basis of Stokes’ law the mobility u{x, z) of the micelle in centi- 
meters per second per unit field is 


u(x, z) — 


(x - z)t 
Qirfir{x, 2 ) 


(5) 


in which « is the elementary charge of positive electricity, is the viscosity 
of the medium, and r{x, 2 ) is the radius of the micelle which is assumed 
to be spherical. The mobility m( 1, 0) of the simple ion is 


«( 1 , 0 ) 


e 

6injr(l, 0) 


( 6 ) 


From equations 5 and 6, neglecting the variation of viscosity, we deduce 


uix, z) = {x- z) tt(l, 0) 


(7) 


The volume of the micelle is proportional to the number (x) of lauryl- 
sulfonate ions and is practically independent of the number ( 2 ) of hydrogen 
ions. Hence 


r(l,0) ^ 1 

r(x, z) x^i* 


( 8 ) 
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and, according to equation 7, 

uix, z) = m(1, 0) (9) 


The molar conductivity of the micelle is then related to that of the 
simple ion by the formula 


») 

(10) 

Equation 4 becomes 


350(H+) + 22 7/3*^* (H.Lx) - AC 

(ii) 

Combining equations 1 and 3 we get 


z = (1 — + 1 

(12) 

One easily finds that 


1 

o 

II 

+ 

(13) 

(H.L.) = - 

X 

(14) 


Taking equations 12, 13, and 14 into account in equation 11, we get 

350(i-l) + 22<^^‘-A (15) 

or, also. 


1 

x*i* 


(0.063f*a:* - 0.126 m: 


+ 0.063) 


A 

350 


(16) 


This equation is solved by successive approximations for a number of 
round concentrations. The particular concentration for which the dif- 


ference 


350 


i is equal to zero (0.068 molar) is also included. From 


X and i one calculates z by means of formula 12 and the concentrations 
(H+) and (H,L*) by means of formulas 13 and 14. The results are re- 
ported in table 1, in which are recorded, in successive colunms, the stoichio- 
metric molar concentration, the osmotic coefficient, t, the molar conduc- 
tivity, A, the values of those of z, and the concentrations (H,L,) and 
The values of x and z, as well as those of (x — z)/x, are plotted on 
figure 2. The latter values are a measure of the relative charge of the 
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micelle; they also represent the ratio of the hydrogen-ion concentration to 
the total concentration: 


a ■■ 



(H+) 

C 


(17) 


The concentrations (HtLs) and (H'*') are plotted (at different scales) on 
^pire 3. The results are entirely acceptable. The maximum in the 
(HJj,)-curve is due to the combined effect of two factors: increase of 
concentration of the simple ions and increasing size of the micelles, our 
H«Lc being an average of all micelles, molecules, and simple sulfonate ion. 


TABLE 1 


Compoaition of the average inclusive micelle” and concentrations of that micelle and 
of the hydrogen ion in aqueous solutions of laurylsulfonic acid^ assuming 
no other constituents to he present 


c 

t 

A 

X 

f 

( HgL ,) 

( H ^-) 

0 

2.000 

372 

1.00 

0.00 

0 

0 

0.006 

1.872 

330 

1.02 

0.11 

0.00490 

0.00446 

0.01 

1.760 

323 

1.16 

0.12 

0.00862 

0.00897 

0.02 

0.990 

246 

2.91 

1.03 

0.00687 

0.01292 

0.03 

0.640 

168 

6.09 

2.83 

0.00589 

0.01332 

0.04 

0.612 

147 

7.80 

4.81 

0.00613 

0.01632 

0.06 

0.432 

142 

13.8 

8.81 

0.00363 

0.01800 

0.068 

0.396 

139 

18.9 

12.4 

0,00307 

0.01996 

0.06 

0.388 

137 

20.2 

13.4 

0.00297 

0.02022 

0.07 

0.360 

132 

30.1 

20.6 

0.00232 

0.02119 

0.08 

0.322 

132 

48.6 

33.9 

0.00166 

0.02408 

0.09 

0.300 

139 

92.3 

65.6 

0.000976 

0.02610 

0.1 

0.280 

146 

166 

120 

0.000604 

0.0276 

0.2 

0.280 

166 

219 

168 

0.000916 

0.0662 

0.4 

0.280 

167 

270 

196 

0.00148 

0.1112 

0.6 

0.280 

176 

321 

232 

0.00187 

0.1662 

0.8 

0.280 

176 

321 

232 

0.00249 

0.2216 


Above the maximum, the latter effect is by far the predominant one. 
The application of Stokes’ law in the manner explained above implies 
rather large mobilities and conductivities for the micelles. For instance, 
at C = 0.07, the concentration at which the conductivity goes throu^ a 
minimum, the velocity of the average micelle is 3.1 times that of the 
simple anion and 0.19 times that of the hydrogen ion; its conductivity is 
29.4 times that of the simple anion and 1.9 times that of the hydrogen ion. 
The largest average micelle, has a velocity equal to 13 times that 

of the simple anion and 0.82 times that of the hydrogen ion; its conduc- 
tivity is 1166 times that of the simple anion and 73 times that of tlie hydro- 
gen ion. 
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It is interesting to note that the electric field at the surface of this largest 
micelle is only 1.9 times that at the surface of the simple anion, when both 
are assumed spherical. Actually, the field at the active end of the simple 
anion is much larger than for a hypothetical spherical ion and the true 
ratio of the fields is certfunly much smaller than 1.9. 

The above results would of course be modified to a certain extent if 
viscosity changes could be taken into account. Viscosities of lauryl- 
sulfonic acid solutions have been measured by Mrs. McBain (8) and are 
used in the next section of this paper in connection with diffusion data. 



Fig. 3. Variation with total concentration, C, of the concentrations of the average 
micelle and of the hydrogen ion in aqueous solutions of laurylsulfonic acid. 

Fio. 4. Curve 1, experimental values of D/Da ratios (integral values of diffusion 
coefficient) ; curve 2, calculated values of D/Da ratios (differential values of diffusion 
coefficient); curve 3, calculated values of D/Da ratios; curve 4, calculated values of 
D/Da ratios tentatively corrected for viscosity. 

Structural viscosity is probably predominant in the more concentrated 
solutions, and it is impossible to carry out viscosity corrections with any 
degree of certainty. 

III. DIFFUSION COEFFICIENTS OF LAURTLSULFONIC ACID IN AQUEOUS 
SOLUTION CALCULATED ON THE BASIS OF THE AVERAGE 
IHCELLE. PREDICTION OF TRANSPORT NUMBERS 

Integral diffusion coefficients of laurylsulfonic acid have been measured 
by Mrs. McBain (7). The ratios of the average diffusion coefficient D to 
the limiting value Do for infinite dilution are given in table 2 (column 2) 
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and are {dotted m. figure 4 (curve 1). Tbe theoretical value of l>o is f^en 
by the Nerast fimiuila: 


(18) 

U4. + «_ 

in which it+ and ul are the mobilities of the simple ions at infinite dilu> 
tion. With ul equal to 350 and ul to 22, we find, at 25°C., Da » 0.952 


TABLE 2 

Difftrential and integral diffusion eoefficietUt of lauryltulfonic acid tn aqueous solution 
calculated on the basis of the average micelle 


c 

5/Do 

(■XFXBIMllfTAli) 

D/Do 

(calcdlatbd) 

5/Do 

(CALCULATID) 

5/Do 

(coBsacrsD worn, 

▼ItCOttTT) 

0 

1.000 

1.000 

1.000 


0.005 

0.919 

0.855 

0.927 

0.907 

0.01 

0.872 

0.866 

0.893 

0.865 

0.02 

0.735 

0.639 

0.823 


0.03 

0.625 

0.414 

0.724 

0.664 

0.04 

0.473 

0.376 

0.642 

0.581 

0.05 


0.423 

0.593 

0.531 

0.06 

0.383 

0.445 

0.566 

0.502 

0.07 

0.373 

0.481 

0.552 

0.484 

0.08 

0.499 

0.547 

0.547 

0.475 

0.09 

0.567 

0.691 


0.477 

0.1 

0.586 

0.813 


0.485 

0.2 

0,720 

0.915 


0.556 

0.4 

0.762 

1.001 

0.839 

0.554 

0.6 

0.762 

1.064 

0.903 


0.8 

0.762 

1.064 

0.943 

0.446 


cm.^ per day. For an unsymmetrical salt dissociating into v+ positive 
and V- negative ions, we have 

= + (19) 


In oUr case we have, for each molecule of acid, (x — g)/x hydrogen ions 
and l/x micelles. The solution being assumed ideal in terms dF the 
average micelle, we cakiilate the differential diffusion coefilcient D at 
each concentration by means of the Nemst formula or the ratio D/Do by 
means of the following formula deduced from formulas 19, 18, and 9: 


D 

D, 


(x — t + !)(* — *) 

2a!*/* 


1.063 


1 +0.063 


X — t 
tin 


m) 
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The results are reported in table 2 (column 3) and plotted on figure 4 
(curve 2). In column 4 we give the corresponding integral values, which 
are directly comparable with the experimental results given in column 2 
(see also curve 3 of figure 4). In the last column of table 2 (and also 
in figure 4, curve 4) we give j!5/i)o ratios tentatively corrected for viscosity, 
according to the formula proposed by Gordon (1) and Van Rysselberghe 
(17). The correction is applied to the differential values of column 3 and 
the new values of the ratios Z)/Z>o are then transformed into integral 
values We have 



in which ij is the viscosity of the solution referred to pure water. The 
viscosities used in our calculations have been measured by Mrs. McBain 
(8). It is indeed remarkable that, as shown in figure 4, our calculated 
values, both without and with viscosity correction, exhibit a minimum at 
practically the same concentration as the experimental curve. At con- 
centrations higher than 0.1 the viscosity increases very rapidly and may 
be of a structural type, which renders the correction applied to diffusion 
coefficients uncertain. In fact we do not attach much weight to the vis- 
cosity correction as a whole in the present case, since the model was 
established by means of calculations on conductivities in which the change 
of viscosity with concentration was neglected. An interesting application 
of diffusion data to the determination of the size of micelles was recently 
published by Hartley and Runnicles (4).* 

It is also possible to predict, on the basis of our model, the transport 
numbers of hydrogen and of the simple laurylsulfonate radical. The 
formulas are 


T. 


iK.U).^.x.22 



(H+)-350 - (H.L.) ^*-«-22 + (H.L.) ^•x-22 

X 

IS.Qx*/* + X — z 


( 22 ) 




^ 15.9ag*'* - z 

+ a; — 2 


(23) 


*NoU added in proof: While this paper was in the process of publication, G. S. 
Hartley (Trans. Faraday Soe. 86, 1109 (1989)) has given a qualitative interpreta- 
tion of the minimum in Mrs* MeBain’s diffusion curves on the basis of an ionic 
micelle of constant sise and sharge in equUibrium with the simple ions. 
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With tibe values of x and z reported in table 1 we find T- » 0.000 and 
r+ - 0.940 at C « 0.006, and r_ » 1.620 and T+ - -0.620 at C - 0.8, 
the transport numb^ of hydrogen becoming negative between the con- 
centrations 0.09 and 0.1. Further refinements in our calculations, such 
as tiie viscosity corrections mentioned above, might alter these predic- 
ti<ms considerably. 


IV. AVXBAGB, IONIC, AND NBUTBAL MICBLLBS 

It would be highly interesting and useful to have some precise informa- 
tion as to the actual micelles and ions of which our HJLs micelle is the 
average. McBain (13) has been of the opinion that an ionic micelle of 
high mobility and high conductivity, and a neutral micelle, or at least a 
practically neutral one of low conductivity*, are necessary in order to 
explain all the properties of soap solutions, and hence those of an elec- 
trolyte like laurylsulfonic acid. This point of view has been criticized by 
Hartley (3) and discussed by Tartar and his collaborators (15, 18, 19). 
The distribution of our average micelle among two or more types must, 
of necessity, be based on some rather arbitrary assumptions. In order to 
clear the ground we shall first show that the decomposition of H«Lx into 
an ionic micelle, Ln, and an exactly neutral one, H„Lm, or into HaLi 
and H,„Lm, is incompatible with Stokes’ law as applied above. 

1. Decomposition o/H,Lx into L« + RmL.,: 

The electroneutrality condition gives 

n(L„) = X - z(H.L,) (24) 

Since 

(L.) + (H»L,x) = (HJ..) = tC - (H+) (26) 

we have, obviously, from equations 24 and 25: 

(L,) < (H(Lx) and n > x — z (26) 

The conductivity would require 

n»/*(Ln) = x-»/»(x - *)*(H.L,) (27) 

Dividing equation 27 by equation 24 we get 

n«* - x^\x - z) - x*'*^! - 0 (28) 

* Estimatefl of this conductivity can be deduced from Mrs. McBain's work on the 
migration and dectrokinetic properties of soap solutions and soap curds (J. Phys. 
Chm. $tf 673 (1624); Trans. Faraday Soc. 3i, 168 (1986)). 
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The eeeond inequality (formula 26) gives, since both n and z — 2 are larger 
titan unity, 


n*^* > (z — t)*'* or 


n' 


*/* 



(29) 


But, since 1 is smaller than unity. 


(‘-r 


> 1 -- 


which shows that formula 29 is incompatible with formula 28. 

8. Decomposition of H(Li into HaL6 + HmLm: 
The electroneutrality condition gives 

(6 - o)(H,L») = (x - 2)(H.L.) 


Since 


(H,U) + (H«La.) = (H.L.) = iC - (H+) 
we have, obviously, from equations 31 and 32: 

(HaL6) < (H,Lz) and b — a > x — z 
The conductivity would require 


— a) — z“*'*(z — 2) 


Dividing equation 34 by equation 31 we get 

5-‘«(6 - a)*(H.L6) = x-‘/*(z - 2)*(H,L,) 
and, hence, since b — a > x — z, 

5-1/1 < j5-i/» or b > z 


On the other hand we have 

(H+) = C — * = IC - m(H,L«)] ^ 

X 0 

which requires 

6 — o . z — * 
b ^ X 

Combining expressions 35 and 38 we find 

b*i* < z*^* or 5 < z 

which is inoompatiUe with expression 36. 


(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(89) 
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It is (luite pomble, however, that neutral molecules and aggregates are 
present in th^ solutions, as is suggested by the variation of the apparent 
degree of dissociation, ot (formula 17 and figure 2). If one gives up the 
conditimt that the conductivity must be accounted for by Stokes’ law 
applied to the ionic micelle alone (formulas 27 and 34) and assumes that 
t^ law should be applied only to the average micelle, as has been done 
above, it is possible to decompose (H,L,) into (L») and (H«,Lm), but such a 
decomposition could be done in an infinite number of ways. One might, 
for example, suppose that n and m are equal and hence that the ionic and 
the neutral micelle have the same size at each concentration, although this 
particular assumption is not in agreement with the results of ultrafiltra- 
tion. This would lead immediately to the foUowing conditions: 

n(H,L,) = z(H.L.) n(L») = (® - z)(H.L,) (40) 

and hence to 

(H,L») = - (H.U, (Ln) = (H.L.), n = X (41) 

X z 

We have calculated these concentrations (HnLn) and (Ln) from the data of 
table 1 and have tried to deduce from them the equilibrium constants of 
the successive equilibria 

(L,) = K(Ly, (L,) = Ji:(L,)(L) = i!:*(L)*, (42) 

(H,L,) = K'(flLy, (H,L,) = li:'(H,L,) (HL) = ii:'*(HL)*,. . (43) 

according to the theory suggested by Meyer and van der Wyk (14) applied 
to both the ionic and neutral polymers, assuming that the successive 
constants have the same value (K and K', respectively) in each of the two 
series of equilibria. The constants thus obtained turn out to be fairly 
“constant,” at least in the more concentrated solutions, and are very 
large. They correspond to distribution curves [(L„) and (H»L«) plotted 
against n] with flat maxima. This question of the actual distribution 
of the average micelle requires much more extensive examination and we 
hope to come back to it in later communications. 

V. SUMMABT 

1. Freezing point and conductivity data for aqueous solutions of lauryl- 
aulfonic acid are interpreted on the basis of an “average inclusive micelle,” 
whose size and charge vary with concentration and in terms of which the 
solution is considered as ideal, assuming the sole constituents of the solu- 
tion at all concentrations to be free hydrogen ion and this “average 
micelle.” 

2. l^e Nemst formula for the diffusion coeffident of an urnymmetiinl 
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electrolyte is applied to this average micelle, and the main features of the 
experimental diffusion curve are thereby reproduced. Some predictions 
are made as to the variation of transport numbers with concentration. 

3. The possibility of decomposing the average micelle into ionic and 
neutral micelles is discussed. 

It is a pleasure to acknowledge here the valuable suggestions of Pro- 
fessor McBain and his interest in our work. 
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MOLECULAR WEIGHT OF SOL AND GEL IN CRUDE HEVEA 

RUBBER! 
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Received Avguet 7, 1BS9 

In a previous article (1) a simple procedure for determining the sol rub- 
ber content of Hevea latex and crude rubber was described. This method 
is based on the fact that the sol rubber diffuses into a solvent, such as 
petroleum ether or hexane, in which the rubber is placed. The solution 
can be readily decanted from the highly swollen gel, so by periodic change 
to fresh solvent it is possible to fractionate the sol content into numerous 
fractions, depending upon their relative solubility and rate of diffusion 
into the solvent. 

In the present investigation the molecular weights of sol rubber fractions 
in hexane were determined by the well-known viscosity method developed 
by Staudinger (2). This method has been proven satisfactory in the case 
of numerous polymeric substances in the range of molecular weights capable 
of being checked by standard methods. Several investigators, however, 
have questioned on theoretical grounds its absolute accuracy for extremely 
high polymers such as natural rubber. It can be said in support of Staud- 
inger’s work that the average molecular weight of crude rubber deter- 
mined by the osmotic pressure and ultracentrifuge methods is of the same 
order as shown by the viscosity method. In spite of the lack of proof that 
the viscosity method gives the true molecular weight of extremely high 
polymeric substances, it is of utmost value in providing a simple procedure 
for comparative purposes. The work on the viscosity molecular weight 
of crude rubber has so far been confined to the determination of the vis- 
cosity of very dilute dispersions of whole crepe or smoked sheet in benzene, 
toluene, or tetralin. These dispersions have been prepared by first allow- 
ing the rubber to imbibe the solvents and swell, followed by shaking the 
liquid vigorously to break up the swollen gel and disperse it, while at the 
same time the sol portion has entered into solution. The refractive 
indices of these solvents are so close to that of rubber hydrocarbon that 
it is very difficult to determine when the dispersion is complete. Staud- 
inger apparently has favored tetralin over other solvents, since it appears 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-S, 1989. 
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to diqwrse the gel more completely. It is very difficult to disperse com- 
pletely the gel of high-quaUty plantation crude rubber in tenzene or 
toluene in the absence of oxygen, and for this reason the use of these sol- 
vents is not advisable. The influence of the dispersed gel on the viscosity 
is likely to be a variable, depending upon the size of the gel aggregates 
and the amount present. On the other hand, some types of plantation 
crepes of high sol content mil disperse readily in benzene. 

It will be shown that the viscosity of dilute crude rubber dispersions in 
tetralin decreases rapidly in spite of the fact that care is taken to exclude 
oxygen. Tetralin is objectionable on account of its relatively high vis- 
cosity. It is likely to contain difficultly removable, chemically active sub- 
stances which catalyze the oxidation breakdown of the rubber h 3 rdrocarbon, 
thereby reducing its molecular weight. 

In the present work the gel rubber was completely excluded by em- 
ploying the diffusion process of separating the sol from the gel and of 
s^arating the sol into fractions of increasing molecular weight and de- 
creasing solubility. Hexane was employed as the solvent on account of 
its complete inertness, non-polarity, ease of handling, and its ability to 
fractionate clearly the sol from the gel, leaving all solid non-hydrocarbon 
substances in the gel skeleton. The hexane solutions were perfectly clear, 
except for a faint opalescence due to the Tyndall effect of colloidal solu- 
tions. 


PROCEDTTBE 

An Ostwald viscosimeter placed in a water bath held at 25°C. d= 0.1° 
was employed. Exactly 5 cc. of solution was pipetted into the viscosimeter 
for each determination. Great care was taken in cleaning the viscosimeter 
between runs and to avoid the entrance of fibers or dirt particles into the 
viscosimeter. The length of the capillary of the viscosimeter was 103.0 
mm.; its bore was 0.066 to 0.067 mm. The times of flow in seconds at 
26°C. for different liquids were as follows: distilled water, 95.2; n-hexane, 
50.7; benzene, 72.7; tetralin, 215.4. The n-hexane is known as Skelly- 
solve. It was obtained from the Skelly Oil Company and had a tailing 
range of 66“ to 70“C. 

A uniform sheet of R.C.M.A.^ crepe was selected for the fractionating 
experiments, and adjacent sheets from the same bale were employed in 
the mining experiments. The apparatus and procedure employed in the 
extraction of the sol fractions by n-hexane was the same as that previously 
described by the authors (1). The concentration of sol in the hexane solu- 
tions was accurately determined by evaporating definite volumes to dry- 
nefMi to a constant weight of residue. Wherever neceteary the acetone 

* R.C.M.A. Rubber Culture Maatechsppij Amsterdam. 



MOLECTTLAB WEIGHT OF CRUDE RUBBER 


1065 


CTtraot waa made on the residue to determine the amount of “resin sub- 
stances present.” The concentrations of the solutions were adjusted to 
those required for the viscosity measurements by exactly controlled dilu- 
tion with hexane. 

8ince the rate of diffusion of sol into hexane is most rapid for fractions 
having the lowest molecular weight, the time of extraction for each frac- 
tion was increased as fractionation proceeded. Care was taken to exclude 
light from the solutions, and air was displaced over the solutions with a 
stream of nitrogen. Viscosities were measured as soon as possible after 
decanting the solution from the swollen gel. 

The average molecular weight was calculated by the use of the Staud- 
inger formula 


M = 


n«i. 

C-3 X 10-^ 


where C is the base molal concentration, i.e., one mole is taken as 68 g. 
of the rubber hydrocarbon base unit (CjHg) per liter. The value 3 X 10~* 
is Staudinger’s Kn constant, which varies with the material and in this 
case is the value found when equating the viscosity molecular weight of 
low-molecular broken-down rubber with the molecular weight as deter- 
mined by the freezing point method. The average molecular weight was 
also calculated by the formula based on the Arrhenius equation 


In this case 


log nr 
C 


= Ke 


— logic nr -10* 

c 


Excellent agreement in duplicate viscosity runs was obtained using 
hexane solutions. In the more dilute solutions, where nr was less than 
about 3, variations were not over d= 0.1 sec. With the more viscous solu- 
tions, which had a value for nr of 3 or more, the duplicate values were not 
so close but were very satisfactory. 


UOLECUIiAR WEIGHT RANGE OF SOL IN CREPE 

The results shown in tables 1 and 2 show that the particular lot of 
R.C.M.A. crepe studied contmns sol rubber, which can be separated into 
fractions having an average molecular weight range of 78,000 to 213,000. 
The presence of acetone-soluble substances apparently had little effect 
on the results. If M and M' are plotted against relative viscosity, it was 
found that the curves crossed in every case at nr vm^ing between 1.66 
and 1.70. The molecular weight values selected, given in parentheses, 
were those corresponding to these relative viscosities. When the relative 
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viscosity of the solution is 1.6616, M becomes equiJ to as is seen by 
inserting the log of this value and the value of 0.6615 for the specific 

TABLE 1 


ViseoBtiy molecular weiffht of hexane^aoluhle fractione from whole unmiUed R,C,M,A. 

crepe 


MAam woLAxart 

BATS OF FLOW 



MOLaCULAB 

waiOBT 

If* mr 

C 


^ c e X 10-* 

VALvaa 

saLacraa 

” ” C 


2.5-hr. extract (12.7 per cent) 



AAConds 

68.2 

1.346 

72,700 


81,600 


76.2 

1.483 

76,300 

(80,000) 

81,100 

0.0316 

90.4 

1.783 

82,600 

79,600 

0.0632 

162.7 

3.011 

106,000 


76,600 


1-day extract (30.3 per cent) 


0.00908 

67.7 

1.336 

123,000 


138,000 

0.0109 

71.9 

1.418 

128,000 


139,000 

0.0136 

78.3 

1.644 

133,000 

(138,000) 

139,000 

0.0182 

89.7 

1.769 

141,000 

136,000 

0.0273 

116.8 

2.303 

169,000 


133,000 

0.0646 

240.2 

4.737 

229,000 


124,000 


8-day extract (44.2 per cent) 


0.00616 

63.1 

1.244 

168,000 


184,000 

0.00687 

68.0 

1.341 

166,000 


186,000 

0.0103 

79.2 

1.662 

182,000 

(187,000) 

188,000 

0.0206 

120.6 

2.378 

223,000 


183,000 

0.0412 

262.2 

6.171 

337,000 


173,000 


13-day extract (49,0 per cent) 


0.00228 

60.8 

1.120 

176,000 


216,000 

0.00343 

59.6 

1.176 

171,000 ' 


206,000 

0.00467 

63.7 

1.266 

187,000 

(210,000) 

217,000 

0.00686 

70.5 

1.391 

190,000 


209,000 

0.0137 

98.3 

1.939 

229,000 


210,000 


21-day extract (53.0 per cent) 


0.00900 

76.3 

1.606 

187,000 


197,000 

0.0101 

80.0 

1.678 

191,000 

(197,000) 

196,000 

0.0185 

93.6 

1.846 

209,000 


197,000 


viscosity in the two equations. It will be noted that the average molecular 
weight calculated by the Staudinger equation showed a greater deviation 
with change in concentration than in the case of the values based on the 
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TABLE 2 


VUconiiy nuoUcular weight of he^^ine-eoluble fractions of unmilled acetone-extracted 

R.C.M.A. crepe 


MOLABITT 

C 

BATS OF FLOW 

w- 

" C-8 X 1(H 

MOLBCULAB 

WBIOKT 

VALUBl 

BBLBCTJBD 

>#/ - logltw'io* 

0 

1-hr. extract (4.4 per cent) 

j 

9teond§ 





0.0140 

65.6 

1.293 

69,700 


82,900 

0.0210 

74.8 

1.475 j 



80,400 

0.0280 

84.4 

1.664 


(78,000) 

79,000 

0.0420 





77,700 

0.0840 

205.4 

4.051 1 



72,300 


2-hr. extract (12.9 per cent) 


0.0100 

66.1 


101,000 


115,000 

0.0150 

76.3 


112,000 

(115,000) 

118,000 

0.0300 

110.9 

2.187 

132,000 

113,000 

0.0600 

211.0 

4.161 

176,000 


103,000 


4-hr. extract (18.6 per cent) 


IH 


1.335 




BbSB 


1.489 






2,278 



0.0630 


4.583 





7-hr. extract (23.4 per cent) 


0.00866 

66.6 

1.313 

121,000 


137,000 

0.0130 

76,2 

1.503 

129,000 

(134,000) 

136,000 

0.0260 

110.8 

2.190 

153,000 

131,000 

0.0520 

220.2 

4.343 

214,000 


123,000 


2-day extract (30.0 per cent) 


0.00525 

62.7 

1.236 

156,000 


175,000 

0.0105 

76.9 

1.517 

164,000 


172,000 

0.0140 

88.2 

1.740 

176,000 

(172,000) 

172,000 

0.0210 

114.8 

2.264 

201,000 


169,000 

0.0840 

849.0 

16.746 

625,000 


146,000 


4-day extract (37.0 per cent) 


0.00570 

64.4 

1.270 

158,000 


182,000 

0.00718 

68.4 

1.3« 

162,000 


181,000 

0.00967 

75.4 

1.487 

170,000 

(179,000) 

180,000 

0.0144 

91.4 

1.803 

186,000 

178,000 

0.0287 

160.1 

3.156 



174,000 

0.0674 

— 

— 

— 


— 
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TABLE 2--ConchiM 


BMB XOLAJttTT 

C 

MATB OW FLOW 



El 

M- - 

c 

9-day extract (42.4 per cent) 

o.ooaas 

0.00603 

0.00719 

0.0126 

0.0168 

9teond$ 

59.1 

63.8 

70.6 

89.7 
107.6 

1.166 

1.258 

1.393 

1.769 

2.120 

158.000 

171.000 

182.000 

203.000 

222.000 

(197,000) 

199.000 

198.000 

200.000 

197.000 

194.000 


14-day extract (46.4 per cent) 


0.00554 

66.7 


178,000 

i 

203,000 

0.00776 

73.3 


192,000 

(206,000) 

206,000 

0.0129 

93.3 


217,000 

205,000 

0.0194 

125.4 

2.474 

253,000 


203,000 


16-day extract (47.8 per cent) 


0.00953 


1.586 

205,000 

(210,000) 

211,000 

0.0143 


1.988 


209,000 


20-day extract (49.0 per cent) 


0.00870 

0.0116 

75.9 

86.7 

1.497 

1.710 

190.000 

204.000 

(201,000) 

201,000 

201,000 



30-day extract (50.3 per cent) 


0.00942 

79.3 

1.664 

200,000 

(207,000) 

206,000 

0.01269 

92.2 

1.820 

219,000 

208,000 


48-day extract (52.4 per cent) 


0.0116 

88.8 

WSM 

218,000 

(213,000) 



118.0 

■Bi 

257,000 



Arrhenius equation. In other words, the deviation of w/C from con- 
stancy at various concentrations was much greater than logioijr/C, as is 
shown in figure 1, in which the data from the 4-day extract in table 2 were 
used. This deviation is even more apparent at higher concentrations, — 
for example, in the 2-day extract in table 2 at 0.0210 and 0.0840 molarity. 
q.p/C increases from 29 to 271, while logitair/C decreases from 16.9 to 14.6. 
Many additional comparisons leading to the same eonclumon can be made 
from the tabulated data. It should be noted that the lowest concen- 
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trations were considerably below those employed by Staudinger and 
others in determining the viscosity molecular weight of crude rubber. 

Table 3 g^ves a summary of the molecular weight data in tables 1 and 2 
and includes the weighted average molecular weights based on each frac- 
tion. It has been assumed in this case that the gel has a molecular weight 
equal to that of the extract giving the highest molecular weight. The 
authors believe, however, that the molecular weight of the gel is higher 
than this value. 



OOOS OjOK> OkOIS 0.020 0025 0.030 

SOL CONCENTRATION-BASE MOLS.(C) 

Fig. 1. Relation between viscosity and concentration of solutions of sol rubber 
in hexane. 

The molecular weight distribution will depend upon the particular 
rubber under test and upon the fractionation procedure. For example, 
when 5 g. of finely cut, acetone-extracted, yellow crepe of high sol content 
was placed in 250 cc. of hexane, 3.0 per cent sol was extracted in 1 hr. at 
room temperature. Hus sol was found to have a molecular weight of 
63,000. l^Hien Branlian fine para of low sol content was similarly treated 
for 2 hr., 1.7 per cent sol of a molecular weight of 64,000 diffused into the 
hexane. 
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TABLE 3 

Summary of molecular might deUa on hexane^eolvhU fractione of crepe rubber 


nucsioiiiio. 

sxTXAcnoif niuoD 

aXTBACT 

llOiaOfn.A« WStCMR 
CAbOUl<AT«D AV Dr 1.7 

R.C.M.A. crepe 


houn 

ptretni 


1 

2.5 


80,000 

2 

21.5 


188,000 

3 

168.0 


187,000 

4 

120.0 

4.8 

210,000 

5 

192.0 

4.0 

197,000 


Total extract 63.00 

Residue 47.0 >210,000 

Weighted average molecular weight of extract 148,000 


Weighted average molecular weight of whole rubber* 177,000 


R.M.C.A. crepe (acetone-extracted) 



Lmrt 

p«r Mnl 


1 

1 

4.4 

78,000 

2 

1 

8.5 

115,000 

3 

2 

5.7 

115,000 

4 

3 

4.8 

134,000 

5 

41 

6.6 

172,000 

6 

48 

7.0 

179,000 

7 

120 

5.4 

197,000 

8 

1 120 

4.0 

206,000 

9 

48 

1.4 

210,000 

10 

96 

1.2 

201,000 

11 

240 

1.3 

207,000 

12 

432 

2.1 

212,000 


Total extract 52.4 

Residue 47.6 >212,000 

Weighted average molecular weight of extract 166^000 

Weighted average molecular weight of whole rubber* 102,000 

* Using molecular weight of last extract for that of residual gel ; proteins and 
resins ignored. 

VISCOSITY OF MILLED CREPE IN HEXANE, BENZENE, AND TETRALIN 

Sinee the Staudinger Km constant of 3 X 10~* was established on broken- 
down rubber in benzene and tetralin, a comparison of the viscosities of a 
samfde of milled (nepe was made in these solvents with the viscosity (rf the 
same rubber in n-hexane. These results are shown in table 4. It was felt 
thi^ the agreement of the results in hexane with those in the other solvents 
was miffioiently close to justify employing the Staudinger constant in 
calculating the molecular weight from the viscosity data of the hexane 
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solutions. The average molecular weight calculated from the hexane 
solutions was about 10 per cent lower than that given by the benzene and 
tetralin solutions. Further work would be required to determine the 
cause of this difference. 

Benzene and tetralin are satisfactory solvents for viscosity molecular 
weight studies of well-masticated rubber, since this rubber is completely 
soluble in these solvents and resists further oxidative breakdown in tetra- 
lin on account of having been already oxidized during mastication. 


TABLE 4 


Viscosity molecular weight of masticated crepe* in different solvents 


BASB 

MOLAIUTT 

C 


BATB OF 
FLOW 


• 

M m V 

MOLBCX7LAH 
WBIGHT VALUS8 
BXLBCTBD 



C 3 X 10“* 



Hexane, 50.7 sec. 


0.0500 

seeondi 

71.5 

1.410 

27,300 


29,800 

0.0625 

77.8 

1.535 

28,500 

(30,000) 

29,800 

0.0833 

90.2 

1.779 

31,200 

30,000 

0.2500 

240.0 

4.779 j 

49,700 


27,000 


Benzene, 72.7 sec. 


0.0500 

107.4 

1.477 

31,800 


33,900 

0.0625 

117.9 

1.621 

33,000 

(33,000) 

33,600 

0.0833 1 

137.0 

1,884 

35,400 

33,000 

0.2500 

369.0 

5.075 

54,300 


28,200 


Tetralin, 215.4 sec. 


0.0500 

320.2 

1.486 

32,400 


34,400 

0.0625 

348.0 

1.615 

32,800 

(33,000) 

33,300 

0.0833 

401.4 

1.864 

34,600 

31,300 

0.2500 

1059.0 

4.916 

52,200 


27,600 


* 300-g. batch of R.C.M.A. crepe broken down for 25 min. on cool laboratory mill 
rolls with separation of 0.035 in. 


MOLECULAR WEIGHT OP MILLED CREPE FRACTIONS 

Fractionation of milled crepe was carried out by the procedure already 
referred to (1). The molecular weight data on these fractions are given 
in table 5, These data show that a thorough breakdown on the mill 
results in a product which has a rather narrow range of molecular weight. 
This might be expected, since the highest polsrmers offer the greatest fric- 
tional resistance and would be the most rapidly broken down. The low 
polymers, on the other hand, would constitute the plastic phase. Data 
of this kind are very valuable in the study of rubber breakdown under 
various conditions. If the. same rubber is broken down under the same 
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milling ofmditions at higher tenqieratures, the range oi molecular weights 
is greater and the average oS the whole milled rubber is hi^ier. These 
data are given in table 6 and explain why it is possible as a rule to obtain 
witii hot milled rubber vulcanisates superior to those obtained with cold 
milling when other conditions are equal. The reduced breakdown at 

TABLE 6 


Vi$eo9ity molecular umgKt of hexane^soluhle fraciione of miUed crej»e* 


BASS 

IfOLAXlTT 

C 

BATIOV 

^ 1- i 

•f _ V i 

MOIdBCULAB j 
WBIOBT YAXiVMj 

•BLaCTBD 


fXiOWt 

V 1 

" C » X lo-* 1 

^ c 

0.5-hr. extract (1.6 per cent) 

0.00588 

M0OIUb 

52.8 

1.032 

18,100 


23,800 


2.5-hr. extract (7.6 per cent) 


0.00690 

0.0103 

0.0207 

53.2 

54.3 
58.2 

1.049 

1.071 

1.147 

23,700 ! 

23,000 

23,700 


30,110 

28,900 

28,700 

7-hr. extract (36.5 per cent) 


60.8 


31,400 


37,300 


73.7 

1.453 

35,500 

(37,000) 

38,200 


105.5 


42,300 


36,200 


1-day extract (83.7 per cent) 



1 62.3 1 

1.228 

32,600 


38,300 



1.380 

36,200 

(39,000) 

40,000 

0.0700 

95.0 

1.874 

41,600 

39,000 

0.1400 

167.0 

3.294 

54,600 


37,000 


R.C.M.A. broken-down (whole rubber) 


0.0875 


1.380 

37,000 


37,300 

0.0502 

77.9 

1.536 

35,600 

(39,000) 

37,100 

0.0750 

95.3 

1.880 

39,200 

36,590 

0.301 

449.4 

8.864 

87,000 


31,400 


* 300-g. batch of R.C.M.A. crepe broken down for 15 min. on cool laboratory 
mill rolls with separation of 0.035 in. 
t Hexane, 50.7 see. 


96*0. as compared with is believed to be due mainly to lower Mo- 
tional forces. A different type of breakdown occurs at 142°C. Consid- 
erable fumes are given off and the rubber becomes reddish brown in color. 
I'lgure 2 shows the relative rates of hexane extraction of the hot Bnd cool 
milled rubber under conditions already described (1).. 



































TABLE 6 


Effect of milling temperature on molecular weight of hexane fractione of maelicated 

crepe* 


SxniAcnoN 

eaaioD 

BXTBACT 

BiUiB 

MOliAiaTT 

’r 

M* 

I. Averagpe mill roll temperature >■ 25*0, 

k&utt 

ptremU 


— 


3 

17.6 

0.0725 

1.761 


7 

56.0 

0.0684 

1.848 


24 

23.0 

0.0690 

1.830 


11. Average mill roll temperature » 96**C. 

3 

8.4 

0.0476 

1.848 

66,100 

7 

9.1 

0.0326 

1.696 


24 

30.2 

0.0311 

1.692 

73,400 

48 

13.3 

0.0391 

1.968 

75,200 

144 

29.6 

0.0366 

1.915 


168 

7.6 

0.0212 

1.460 

77,500 

III. Average mill roll temperature 142®C. 

3 

31.4 

0.0480 

1.927 

69,400 

7 

25.9 

0.0390 

1.799 

65,400 

24 

18.6 

0.0376 

1.744 

64,300 

48 

6.6 

0.0200 

1.375 

69,200 

144 

3.2 

0.0116 

1.212 

63,000 

Residue (gel) 

14.5 





* 300 g. of R.C.M.A. crepe broken down for 16 min. on laboratory mill with roll 
opening of 0.080 cm.: 


Initial roll temperature, ®C. ... 

Final roll temperature, ®C 

Final rubber temperature, ®C 

Williams plasticity after standing 3 days, mm. 


I 

II 

III 

32 

99 

138 

38 

93 

146 

43 

90 

140 

1.90 

4.37 

3.81 



Fxa« 2. Extraction of sol rubber in milled crepe: (I) milled at 35^0.; (2) milled 
at 96^0.; (3) milled at 142*0. 
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STABILITT OF RTTBBRB IN HBXANE AND TBTRAUN 

Hexane solutions of sol rubber showed relatively little change in vis- 
cosity on standing, as compared with crude rubber dispersed in tetralin. 
Chai^^ in hexane solutions are shown in table 7. In these experiments 
the air above the solutions was not displaced with nitrogen, since this 
would remove hexane and change the concentration. The solutions were 
exposed to diffused light in tightly stoppered flasks. It is to be noted that 


TABLE 7 

Change in viecosity of hexane aolutiona of rubber on standing 


COMCBMTBATIOK 

BABB MOLABITT 

C 

TIMB OF FLOW 

TXIIB OF BTAKBlirO 

ZttFFBBBNCB IK FLOW 
TIMB 


aeconda 

h4nar$ 

9§C€nd9 

0.0632 

152. ?♦ 



0.0632 

152.5 

20 

0.2 

0.0632 

150.6 

96 

2.1 

0.0545 

240.2* 



0.0545 

236.7 

72 

4.5 

0.0136 

78.3* 



0.0136 

77.9 

72 

0.4 

0.0136 

77.1 

456 

1.1 

0.0140 

88.2* 



0.0140 

86.7 

360 

1.5 

0.0105 

76.9* 



0.0105 

76.0 

96 

0.9 

0.00228 

56.8* 




56.5 

120 

0.3 

0.0115 

88.8* 



0.0115 

88.8 

24 

0.0 


* Original value. 


the maximum change in the relative viscosity of any of these solutions 
after long standing is less than 2 per cent. Since the air was displaced 
from over the hexane during the extraction periods and the solution was 
protected from light, it is believed that changes in viscosity during ex- 
traction were not significant. 

In the case of tetralin two separate dispersions were prepared from 
luunilled R.C.M.A. crepe to yield a base molal concentration of 0.026. 
In the case of one solution the rubber was swelled for 72 far. and ♦hen 
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shaken. In the case of the second solution the rubber was swelled in 
tetralin overnight and then frequently shaken during a 2-hr. period to 
disperse the swollen gel particles. In each case the first viscosity reading 
was made a few minutes after the final shaking and the change was then 
noted on repeated measurements at short intervals for longer periods. 
The results of changes in viscosity of the first solution are shown in table 8. 
These results indicate that tetralin is entirely unsuited to determinations 
of the molecular weight of crude rubber. The molecular weights calcu- 
lated from the first viscosity measurements made on these solutions are 
as foUows: M = 185,000 and 182,000; M ' = 151,000 and 150,000. How- 
ever, the rapid decrease in viscosity of the first solution gives values for 
M of 94,000 and Af' of 93,000 after standing 24.5 hr. The rubber macro- 


TABLE 8 

Change in vieeoeity of 0.17 per cent crepe in lelralin 


nils OF STANDING 

NATS or FLOW 

DIFFBBKNCB FBOM OBXOINAL 
VALUB 


9tcond» 

aaoDfuia 

Original 

613.8 


10 min. 

491.0 

22.8 

20 min. 

466.6 

48.2 

30 min. 

460.0 

63.8 

2 hr. 

428.8 

85.0 

2 hr., 11 min. 

418.8 

95.0 

4 hr. 

406.0 

107.8 

5 hr. 

401.8 

112.0 

23 hr. 

374.4 

139.4 

24.5 hr. 

367.7 

146.1 


molecule is very sensitive to oxidation. The nitrogen used in this case 
to remove the air above the solution was the same as used in the case of 
hexane solutions. It appears that the use of tetralin may require a com- 
plete removal of oxygen to prevent breakdown of the rubber; this is a con- 
dition difficult to realize. The large decrease of viscosity following 
repeated measurements was surprising and unexpected. This change 
may be due to a shearing effect on the dispersed gel in addition to an oxi- 
dation effect. The authors were unable to find this effect previously 
mentioned in the case of tetralin dispersions of crude rubber, although 
Staudinger (2) followed the viscosity changes of rubber in tetralin over 
long periods of time. Broken-down rubber in tetralin did not show these 
changes. Since broken-down rubber is already oxidized and is free from 
gel, it would be expected to resist further oxidation. It is concluded that 
the effects noted in the case of crude rubber in tetralin are due to the in- 
fluence of the dispersed gel and to a rapid breakdown of the large rubber 
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moleeulsB. Stoudinfer and Bcuidy (3) have already noted great reduc- 
tions in the viscosity of high-molecular rubber in tetindin upon standing. 

MOIiEOULAB WEIGHT OF OBL BUBBIBB 

The hezam extraction of crepe was carried out for somewhat longer 
pertods than are shown in tables 1 and 2. The rate ot extiaction steadily 
diminishes, as is shown in figure 3. Whether the added extract is due to 
sol rubber present originally or to an oxidative breakdown of the gel is not 
known. 'Hie authors (1) have already shown the ease of converting gel 
to Sol by oxidation. Small amounts of oxj^en present in the nitrogen 
might be sufficient to cause some gel-sol conversion. On the other hand, 
the steadily diminishing amount of extract indicates a very slow extraction 



Fig. 3. Extraction of sol rubber from crepe with hexane: (1) whole R.C.M.A. 
crepe; (2) acetone-extracted R.C.M.A. crepe. 

of the lai^r sol molecules. These results show that when the molecular 
weight exceeds 200,000 the solubility of rubber is very low. It appears 
that the molecular weight of gel rubber is greater than 210,000. It is 
impossible to do much more than speculate on the molecular wmght 
range of gel rubber. However, if the molecular weight values of sol rubber 
fractions given in tables 1 and 2 are plotted as was done in figures 4 and 5, 
extrapolation of the curves indicates that the molecular weij^it of gel 
rubber may reach 300,000 or more. 

The authors have already shown (1) that the rubber hydrocarbon in 
carefully prepared latex films is gel. Only about 3 per cent of sol rubber 
is present. This gel has not been passed through rolls, as is the case with 
the gel renuuning in crude plantation rubber, so that one would e:q>ect it 
to be of a h^er molecular order than the residual gel in crude rubber. 
Qdi, of course, can exist in a range of molecular wdghts as wdil as sol. 
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Some evidence that indicates that latex contains gel oi varsdng molecular 
oomidexity is given in figure 6. In this case it is shown that gel can be 
fractionate in hexane which contains 10 per cent of absolute alcohol and 
that the solubility diminishes as extraction proceeds. This evidence, 
togetStOT with that recently obtained (1) showing the high resistance of a 
portion of latex gel to oxidation, leads to the conclusion that the rubber 
gel in latex is present in variable molecular sizes. 



Fio. 6. Effect of adding alcohol to hexane solutions of sol rubber on the viscosity 
molecular weight. 

effect of absolute ethyl alcohol on the viscosity of hexane 

SOLUTIONS 

The reduction in the viscosity of rubber cements by addition of polar 
solvents such as alcohols and ketones is well known. The effect of adding 
various qmmtities of absolute alcohol to the 14-day hexane fractions from 
t^e acetone-extracted R.C.M.A. shown in table 2 was studied. These 
results are given in table 9. The effect on the calculated molecular weight 
is shown in figure 6. In these e]q)eriments the viscosities were first meas- 
ured in the absence alcohol, then alcohol was added wd the viscosities 
were measured immediately. It can therefore be stated that the decrease 
in relative viscosity due to the alcohol is immediate. These data show the 
importance ai avoiding the presence of a polar solvent in viscosity molecu- 
lar wdlgbt detenninationB. 
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EFFECT OF POLAR SOLVEITrS ON GEL-SOL CONVERSION 

The effect of adding 10 per cent of absolute ethyl alcohol on the extrac- 
tion of dried latex film rubber was studied. The extraction was carried 
out by the procedure recently described by the authors (1). The results 
in figure 7 show the very great influence of alcohol on the peptizing of gel 
rubber. Experiments showed that when the hexane and alcohol were 


TABLE 9 

Effect of alcohol on viscosity of sol rubber in hexane 


BASB MOLABITT 

C 

RATS OV FLOW 

nr 

Mrrr 

" c-8 X ia-« 

MOLBCULAR 

RTBIOBT 

▼ALUM 

SXLBCTBD 

M 

Hexane, 50.7 sec. 


tteonda 





0.00554 

65.7 

1.296 

178,000 


203,000 

0.00776 

73.3 

1.446 

192,000 

(206,000) 

206,000 

0.0129 

93.3 

1.840 

217,000 

205,000 

0.0194 

125.4 

2.474 

253,000 


203,000 

99.75 per cent hexane + 0.25 per cent alcohol, 50.7 sec. 

0.0129 

85.3 

1.682 


(176,000) 

175,000 

0.0194 

110.2 

2.173 


174,000 

98 per cent hexane + 2 per cent alcohol, 51.2 sec. 

0.00698 

64.8 

1.266 

127,000 


147,000 

95 per cent hexane + 5 per cent alcohol, 51.6 sec. 

0.00698 

64.9 

1.258 

123,000 


143,000 

0.0116 

75.1 

1.455 

131,000 

(139,000) 

140,000 

0.0175 

89.6 

1.736 

140,000 


137,000 


90 per cent hexane + 10 per cent alcoholi 54.2 sec. 


0.00499 

62.7 

1.157 

105,000 


127,000 

0.00698 

66.3 

1.223 

107,000 


125,000 

0.0116 

76.8 


115,000 

(127,000) 

126,000 

0.0175 

90.4 

1.668 

127,000 


127,000 

0.0349 

138.8 


149,000 


117,000 


carefully removed by evaporation in nitrogen to avoid oxidation, the 
residual rubber was practically insoluble in hexane and behaved like gel. 

Latex film rubber wmg^iing 3.5 g., which had been completely ex- 
tracted vdth hexane, was then extracted with 250 co. of hexane containing 
50 cc. of acetone for 3 days. At the end of this time the solution was 
decanted from the gel uid the rubber prediutated from it by addition of 
acetone. This rub^ was dried to constant weight in a stream of nitrogen 
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at room taapwafeire. It amoimied to 29.6 per oent of tiae original sam]^. 
The eztrao^n waa repeated mth £cesh solvent for 5 days, but no further 
rubber was extracted. It is apparent from this experiment that aoetcme 
is not as ^ective in peptising gel as is ethyl alcohol; this might be ex- 
pected, since alcohol is more polar than acetone. 

Th.e most logical explanation for the peptiting effect of polar solvents 
on rubber gel is that there is a large reduction in van der Waals forces 
resulting from the presence of polar groups. A change in the shape of the 



Fig. 7. Effect of alcohol on the solubility of gel rubber in hexane: (1) gel rubber 
in hexane; (2) gel rubber in hexane jdus 10 per cent of absolute ethyl alcohol. 

rubber molecules might also occur. There is, however, no concrete evi- 
dence available to indicate such a change. 

BWSlAiINO IN SOLVENTS 

T^ literature contahm many references to the swelling of crude rubber 
in.varioUs organic solvents. Values ranging from a few hundred to a few 
thousand per cent swelling are to be found. Our e3q)erience has been that 
tite swelliiii; in a idven Solvent is a property of the gel and is dependent upon 
the ammmt and nature thkf gel present. 

When the retidual gel from the complete extraction of crepe by hexane 
was treated with a mixture d hexane containing 15 per cent of ia<^ne, 22 
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per cent of this gel dissolved in 2 hr. The rubber was precipitated from 
solution with acetone, and the acetone was completely removed in a stream 
of nitrogen at room temperature. A 1.8-g. sample of this rubber was 
covered with 300 cc. of hexane. No rubber diffused into the hexane, but 
the rubber absorbed all of the solvent, and it bad the properties of a thick 
stringy gel on shaking. Before solution the gel rubber had swelled about 
2000 per cent in hexane; however, after the peptizing treatment and re- 
moval of the peptizing agent (i.e., acetone), the swelling reached a point 
of over 16,000 per cent. About ail one can say definitely as regards this 
experiment is that some change has taken place in the gel upon conversion 
to sol and reconversion to gel. Addition of a little acetone or alcohol, 
with riiaking, quickly changed the gel completely to sol, since the liquid 
became very mobile. 

Sol rubber normally present in crude rubber is defined as that rubber 
which is soluble in light petroleum solvents. This rubber, as previously 
shown (1), originates through oxidation of the gel in latex assisted by 
mechanical breakdown on the washing rolls on the estate. It can be 
converted to a gel through some type of vulcanization. The sol rubber 
resulting from the peptizing of gel with a polar solvent is a different type 
of sol, which reverts to gel upon removal of the polar solvent and back 
again to sol upon addition of a polar solvent to the hexane. These observa- 
tions lead to the possible conclusion that natural rubber gel is the result 
of strong association forces between the high-polymeric rubber molecules. 
This force may exist between active double bonds in certain positions, 
which upon oxidation cause the splitting of the macromolecule and a re- 
duction of molecular weight to the sol range, i.e., less than about 200,000. 
After these active double bonds are satisfied by oxidation, gelation will 
not take place except upon vulcanization with sulfur or some other agent 
that serves to link the sol molecules to form a gel. 

The possibility that the high strength and low solubility of gel are due 
mtunly to its high molecular weight must also be given serious considera- 
tion. This would accord with the fact that all polymers show increased 
strength and decreased solubility upon increased polymerization. 

CONCLUSIONS 

n-Hexane is shown to be an excellent solvent for fractionating sol from 
crude rubber and for viscosity molecular weight determinations. The 
instability of high-molecular rubber in tetralin and the difficulty of dis- 
persing gel in benzene are cited as objections to these solvents for deter- 
mining the average molecular weight of crude rubber. 

The molecular weij^t calculated by the Staudinger formula 

C Z X 10-* 


JIf 
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has been shown to vary with ooncentmtion to a much greater extent than 
the moteoolar weight based on lhe Arrhenius equation 

c 

The average molecular weight of crude rubber determined by the vis- 
cosity method is of questionable value on account of the insoluble gel 
present. The molecular weight distribution of polyprenes in crude rubber 
depends on the proportion of sol and gel present, which has already been 
shewn to vary widely. 

The solubility and rate of diffusion of sol into hexane from crepe rubber 
decrease as its molecular weight increases. Sol rubber of a molecular 
weight of 210,000 is practically insoluble and diffuses very slowly into 
hexane. The average molecular weights of sol rubber fractions from 
unmilled crepe range from about 60,000 to 210,000. Gel rubber has a 
molecular weight greater than 210,000. 

Milling results in the oxidative breakdown of rubber hydrocarbon 
macromolecules to a much smaller but more uniform size. Hot milling 
results in higgler average molecular weights with a different distribution 
than that produced by cold milling. 

A polar solvent such as absolute ethyl alcohol is shown to reduce im- 
mediately the viscosity of rubber solutions in hexane. The addition of 
alcohol or acetone to hexane is shown to peptize gel rubber. These 
phenomena are explained on the basis of a reduction of association or van 
der WaaJs forces between the long-chain molecules. This peptized gel 
can be converted to hexane-insoluble gel by removing the peptizing agent. 
Swelling of rubber in an organic solvent is shown to depend upon the 
nature of the gel present. A gel that has been peptized shows greatly 
increased swelling in hexane when the peptizing agent has been removed. 
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CERTAIN PROPERTIES OF LONG-CHAIN COMPOUNDS 
AS FUNCTIONS OF CHAIN LENGTH’ * 

MAURICE L. HUGGINS 
Kodak Research Laboratories, Rochester, New York 

Received August 7, 19S9 

In this paper the dependence on chain length of the heat content, heat 
capacity, entropy, and free energy of typical long-chain compounds in 
the solid, liquid, and gaseous states will be considered theoretically and 
the relationships deduced will be applied to changes of state. Compari- 
sons will be made with experimental data for normal paraffins. Extension 
to other cases can readily be made. 

HEAT CONTENT AND HEAT CAPACITY 

The heat content per mole of a long-chain compound is given by the 
following equations, for the solid, liquid, and gaseous states, respectively; 

Ha = -)- Eyib Erot ~ Hbond — FydW + PV (1) 

Hz, = E. -I- EU + EU - ELi - EUw + PV' (2) 

H„^E^+ + F;;, - K,nd - + PV" (3) 

Em is the energy that a mole of the substance would have at the abso- 
lute zero, if the molecules were completely dissociated into mdely sepa- 
rated atoms. 

Fvib, FTibj and E’vih are the vibrational energies per mole. For the 
solid and liquid they should be nearly equal at the same temperature. In 
the gas the vibrational energy is idl intramolecular. For the liquid or 
solid state there is also an energy of vibration of each molecule as a whole 
relative to its neighbors. This intermolecular vibrational energy should 
approximately equal the translational energy (3/2 RT) of the molecules 
in the gaseous state: 

F»,b - Fiib = Fi'ib + (4) 

Ent, the rotational energy in the solid state, arises almost entirely from 
rotation of atoms or small groups of atoms, rather than from rotation of 

* Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. 

* Communication No. 788 from the Kodak Research Laboratories. 
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the xooleeule as a> whole. Ihcoept for a tanall eorreoUon for the diain 
ends, therefore, £»» should be proportional to tlie number of r^ating 
imits: 

Etoi * oo + o» (5) 

In the liquid there is a larger amount of rotation oi this sort, and for short 
chains there is also some rotation of the whole molecule: 

■®rot flo + a^n (0) 

o' > o (7) 

(Strictly, oo is not independent of n. It should decrease, however, as n 
increases, approaching a small, constant value.) For the gaseous state, 
similarly, 

Kot, + o'n (8) 

a" « o' (9) 

oj' » I Ur + oj (10) 


Ebmi, Ebond, and E'^ud, the sums of the bond energies, may be consid- 
ered equal for the three states: 


TJ ^ jpf 

"bond — "ix>nd — -^ond 


( 11 ) 


(For a long-chain molecule, obviously, this sum is proportional to the 
chain length.) 

Ersn, EUw, and the van der Waals energy terms, result from 
interactions (chiefly attractions) between atoms not directly bonded 
together. In the solid and liquid states these are both intermolecular and 
intramolecular; in a gas they are exclusively intramolecular, except insofar 
as there are deviations from the perfect gas laws. Crjrstalline normal 
paraffins (12) and some other long-chain compounds in the solid state 
(e.g., polymethylene oxide (8) and polyesters (5, 6)) contain parallel, 
extended, dgzag chains. Many others (e.g., many vinyl polymers) consist 
of chains which are kinked in a more or less random manner. Such kinked 
molecules are doubtless the rule in the liquid state. For both extended 
4nd kinked models, the van der Waals energy contribution of each unit 
in the chain would be expected to be independent of the chwn length, 
except for a small end correction: 


In general. 


Erdv =* t* + ha 
E^rdv * bo + h'n 

b>V 


(IS) 

(18) 

(W) 
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while bo end bo are of the order of magnitude of 5 and b' but probably 
smaller. In the liquid there are, on the average, fewer interatomic 
“contacts” than in the solid. Also, the average interatomic distance is 
greater and so the average attraction energy per contact is smaller. 

In the gaseous state the van der Waals attractions between atoms not 
directly bonded together tend to make a flexible long-chain molecule coil 
up into a ball (11, 1). An atom in the interior of such a ball molecule 
would have practically the same van der Waals energy as if the molecules 
were in the liquid state at the same temperature. An atom in the surface 
of the ball, on the other hand, is not completely surrounded by other atoms. 
Hence its van der Waals energy is less than it would be in the liquid. 

A large sphere composed of n closely packed atoms (each with twelve 
close neighbors) would have a surface area of do 

being the distance between the centers of adjacent atoms. For the lowest 
energy (greatest stability), each surface atom would have six other surface 
atoms and three interior atoms adjacent to it. It would occupy a surface 
area of 2“‘3*'*do. The number of surface atoms is then 2*'*y*ir*'*n*i* or 
4.43n*^*. Assuming approximate close-packing of atoms in both liquid 
and gaseous states, one deduces, therefore, as a limiting law for lai^e n, 

^ = bo + Vn - c^n* (15) 

where 

b" » V (16) 

c” « « 1.115' (17) 

*» ** I (18) 

Also, bo and bo are probably not very different. 

The last terms in equations 1 and 2 may ordinarily be neglected, since 
the molal volumes, V and V', are relatively small and nearly equal: 

PV a. PF' » 0 (19) 

The PF' term in equation 3 is important at high temperatures or pres- 
sures, P. As a first approximation, 

PF' « RT (20) 

Substitution into equations 1, 2, and 3 and subtraction gives the variar 
tion with n to be expected for the heats of fusion and vaporization, on the 
assumption that all are measured at the same temperature: 

(A£r,)r - Hi, - H, - (oi - 0, -b 6, - 5i) -1- (o' - a -b 5 - 5')n (21) 

(AH,)r - - Ht - (§BT + bi-bi') + 1.115'nV* (22) 
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Eiq)eriin«atally, heats of fusion of different compounds are not measured 
at the same temperature, but at the melting points, hence equation 21 is 
directly applicable only when n is so large that all the cmnpounds being 
oomimred have nearly the same melting point, To make the 

relation between the heats of fusion at the melting points applicable to 
all values of n, one must make a correction for the difference in heat 
capacities: 

WMX 

(AH,)r, * - <7,(8)ldr (23) 

Jt/ 

Equation 22 is compared with the experimental heats of vaporization 
of paraffins at 298°K. in figure 1. The values plotted are those chosen 



Fio. 1. Heats of vaporization of normal paraffin hydrocarbons at 298‘’K. and at 
the boiling point. O, Rossini, at 298'’K.; X, Sage, Lacey, and Schaafsma, at Tt; 
+, Schultz, at Tt. The straight line represents the equation ~ 2 . 56 nV*. 

The other curve represents calculated on the assumption that Rossini’s 

values are correct. 

as “best” by Rossini (17) after a critical survey of the literature. The 
experimental curve approaches proportionality with it?'* as n increases. 

To compare heats of vaporization at the normal boiling points, it is 
again necessary to correct for the heat capacity differences: 

(Aff,)r» = (AH.)«, + r [C,(g) - C,(0] dr (24) 

Jms 

Since 

05) 

the relationships given above for the terms in the espressions for the heat 
content lead to the conclusions that the heat capacities in the solid, liquid, 
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and gaseous states, respectively, should depend on the chain length in 
the following manner: 

<?,(«) “/»+/» (26) 

“/o+Z'n (27) 

Gp(g) “■ /o + /'n + g^n^i* (28) 

Here /o, /, g", etc. are functions of temperature but not of n. The last 
tenn in equation 28 would be expected to be small^ the change in van der 
Waals energy with temperature being small relative to the change with 



Fxo. 2. Heat oapaoities of crystalline normal paraffin hydrocarbons. Variation 
of Cp(s) with n at various temperatures. Data are those of Parks and coworkers. 

temperature of the oscillational and rotational energy. Hence, approxi- 
mately, 

C,(J|) -/i'+rn (29) 

Experimental data for solid and liquid normal paraffins (9, 13, 14, 16, 18) 
agree well with equations 26 and 27, as shown in figures 2 and 3. Over 
the t^perature ranges studied,' one can put 

/• » « oal. (30) 

(ngaidlen o{ erystal fmrm), axul 

fimo 


(81) 





Fio. 3. Heat capacities of liquid normal paraffin hydrocarbons. Variation of 
Cp(l) with n at various temperatures. Data are those of Parks and coworkers. 



1068 





PROPERTIES OF IiONO-CHAIN COICPOUNDS 


1089 


while / and f depend on temperature in the manner indicated in figure 4. 
It may be noted that the function for the liquid agrees well with the 
relation 

f - 6.57 + 0.033. 10-«r» (32) 

between 140°K. and 380”K. 

As Edmister (3) has pointed out, the data avmlable for the heat capacity 
of paraffins (having 3) in the gaseous state between 250*’K. and GOO^K. 
are in fair agreement with the relation 


C, = (2.56 + 0.61n) + (0.0042 + 0.0130n)r (33) 

This can obviously be rearranged to 


Cp = (2.56 + 0.00427) + (0.51 + 0.0130r)n (34) 


in agreement with equation 29. 

Equations for the temperature dependence which are probably more 
accurate have been obtained by Bennewitz and Rossner (2), using Einstein 
functions. Beexpressing their results in terms of power series in T, 
Fugassi and Rudy have arrived at equations, which, for normal paraffins, 
reduce to 

C, =/o'+/'n + ^n* (35) 


where 

and 


/i' = 4.43 + 0.324. 10-»r + 6.543. IQ-'T* 

/• = -2.784 + 25.98. 10-*r - 10.647- 10-«7* 


The term is a correction, usually negligible, for deviations from the 
perfect gas law. The quantity h" is a function of n which seems to be 
approaching a constant value of about 0.5- 10* as n increases (figure 5). 

The difference between equations 34 and 35 is illustrated, for two values 
of n, in figure 6. 

Calculations show that the heat capacity correction term in equation 
23 for the heats of fusion is always relatively small and decreases as the 
length of the chain increases. The simple equation 

AHf^^ A + Bn (36) 

should, tlierefore, be applicable to heats pf fusion measured at the melting 
points, except when n is quite small. The experimental results are in 
agreement with this conclusion (figure 7). 
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Fig. 5. Variation with n of the function h" in the gas imperfection correction term 
(A'PfiV^T*) for the heat capacities of gases. 



Fig. 6. Comparison of Edmister’s equation with that of Fugassi and Rudy for 
the heat capacities of normal paraffins. Heat capacities of gaseous normal butane 
and normal decane. Experimental points are from Sage and Lacey. 





Fig. 7. Heats of fusion of normal piuraffins. 4*# Parks and ooworkers; O, Gamer, 
Van Bibber, and King. 
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The heat capacity correction in equation 24 for the heats of vaporization, 
on the other hand, is not negligible. Assuming Rossini’s values for 
at 298®K. to be correct and making use of equations 27, 31, 32, and 36 
and also figure 5, the lower curve in figure 1, representing at the 
boiling point, has been obtained. The agreement with the experimental 
points (19, 20) is not bad. 

ENTROPY 

Entropy is a measure of randomness. For convenience, the entropy 
per mole of a long-<;hain compound in the solid or liquid state may be 
divided into four parts, according to the source of the randomness: (!) 
randomness resulting from the temperature vibrations of each molecule 
as a whole; (£) randomness of position and orientation of each molecule 
as a whole ; (S) randomness resulting from alternative orientations of the 
chain bonds relative to each other and from more or less free rotation 
about the bonds; and (4) randomness due to vibrations of the atoms in 
each molecule relative to their neighbors. 

S = Sev + Sp&o + Sir + Slv (37) 

S' « Siv + SUo + S'ir + S[v (38) 

For the gaseous state, similarly, 

S" = sir + S^r + Sf!. + S',; (39) 

the first two terms measuring the randomness resulting from the transla- 
tional and the rotational motion, respectively, of the molecule as a whole. 

The entropy of external vibrations, jS.. and SU, is a function of the tem- 
perature, but (for non-ri|pd molecules) may be assumed to be approxi- 
mately independent of chain length at any given (not too low) tempera- 
ture, both in the solid and in the liquid: 

5,t ™ <*o (^) 

Si, = al (41) 

As the immediate environment of each atom or group is about the same 
in the liquid as in the solid, 

ao ** «o (42) 

(Since, for long-chain molecules, this term is relatively small, considerable 
inaccuracy in this assumption does not matter.) 

The entropy of position and orientation, and iS^ao, is also tem- 
piMUture-dependent, but for long molecules practically independent of 
chain length: 


5»*o ™ fit 


(43) 

(44) 
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Zf the solid is oi^stsUine, fi equals sero; otherwise, it is finite. Tlie 
v{due for the liquid, as a rule and perhaps always, is greater thim that 
for the solid: 


> fit 


(46) 


For large values of n, both the first and the second entropy terms in 
equations 37 and 38 can be neglected. 

The entropy of internal randomness, Sit, S'lt, and iS[r, is a function of 
both temperature and chain length. At a given temperature it should be 
proportional to n (except for a small end correction), the addition of one 
unit to the chain increasing the entropy the same amount, regardless of 
the length of the chain; 

Sit = 7 t + yn (46) 


= yJ + y'n 
S'lt = y't + y^n 


'(47) 

(48) 


Each C — C bond in a paraffin chmn has three alternative equilibrium 
orientations relative to the preceding bonds in the chmn. If these were 
equally probable, the entropy of internal randomness of a mole of rigid 
parafiSin molecules would be R(ln 3)(n — 3) or, with n large, /2(ln 3)n. 
Actually, especially in the solid and liquid states, the three orientations 
are not equally probable. On the other hand, since the potential energy 
minima are not sharp, oscillations about the equilibrium orientations and 
(especially at high temperatures) rotations over the energy humps be- 
tween them occur. This increases the entropy of internal randomness, 
but leaves it still proportional to n. Semi-quantitative calculations (10) 
have led to the value 8.9 for the proportionality constant, for a normal 
paraffin chain at 25‘*C., on the assumption of free rotation and have shown 
that restricting potentials of 3000 cal. per mole or less would not alter this 
constant by much. It is probably correct to write 


y <y' <7" < 8.9 

(49) 

The entropy of internal vibrations, Siv and Sir, 
tional.to n, for long chains: 

should also be propor- 

Sir = io + 

(60) 

Sir “ io ■+■ t'n 

(61) 

Sir “ + S^n 

(62) 


For normal paraffins at 26*C., using the frequency assignments, of Htser 
(16), tite proportionality constant has been calculate (10) to be about 
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1,8. This factor should be only slightly dependent on the state, except 
in eases where intermolecular attractions are strong. Hence, 

i « j' » S'' « 1.8 (53) 

The translational entropy, S",, has been shown (10), using well-known, 
generally accepted equations, to be given, at a definite temperature and 
pressure, by an equation of the form 

S;; » + e" In n (54) 

where 

^ » 3.0 (55) 

and, for normal paraffins at 298‘*K. and 1 atmosphere, 

= 33.8 (56) 

The entropy, /SCr, due to rotation of the molecule as a whole, obeirs (10) 
an equation of similar form: 

5" = to + f Mn n (57) 

H 3 rpothetically, assuming the molecular chains to be so coiled as to give 
each molecule a spherical shape, with an internal density equal to that 
in the liquid, one can calculate, agmn for a paraffin at 298°K., 

to = 20.7 (58) 

and 

f" = ^ « 5.0 (59) 

If one assumes, instead, complete randomness of kinking (giving non- 
spherical, less dense molecules), constants which are slightly different, 
but not markedly so, are computed (10). 

Substituting into equations 37, 38, and 39, one now obtains 

S = (oo + + yo + 5o) + (y + *)« (60) 

s' s® (oo + /3o + yo + io) + (y' + 6')n (61) 

(yo + io + «0 + fo) + (y^^ + ti")n -I- (o' -1- f”)ln n (62) 

As shown in figures 8 and 9, the entropies calculated from the experi- 
mental data on liquid and gaseous paraffins are in agreement with equar 
tions of tile form of equations 61 and 62. 

From equations 60 and 61 it follows that the entropy of fusitm at the 
same temperature for eU ealuee of n should be a Imear function of n. ffince 
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Fi 0 , 10. Efit^opi«8 of fusion of normal paraffin hydroosarbons. anfonn. Bata 
are tbose of Garner, Van Bibber, and King. 
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tlie correction for temperature differences^is not large and tince it is rear 
aonable to suppose that the change in entropy of fusion with temperature 
is linear with respect to n, one should expect the entropy of fusion at the 
melting point to obey a timilar law: 

^5/ = C + Z)n (63) 

This is in line with the experimental results of Gamer, Van Bibber, and 
King (7) (figure 10). 

For the entropy of vaporization at a uniform temperature, a relation 
of the form 

K -|- I/n M In n (64) 

is similarly deduced. At the boiling point, according to Trouton’s mle, 
the entropy of vaporization varies but little with n. 


FRZiE BNEBOT, MELTING POINT, BOILING POINT, 
VAPOB PBE8BUBE 

From the relation 

AF Afl — TAS 


(65) 


and equations 21, 22, 63, and 64, one obtains for the differences in free 
energy between solid and liquid and between liquid and gas, at any given 
temperature, 

Fr - ft =« P + On (66) 


and 


F« - Fi » C7 + 7n«* - Tf n - X In n (67) 


P, Q, U, V, W, and X are functions of T but not of n. 

At the melting point, the free energy change on fusion is zero. From 
equations 65, 36, and 63, 


m _ Aif/ _ A + JBn 
' “ Aft “ C + Dn 


( 68 ) 


Gainer and coworkers (7) have shown that an equation of this form fits 
the experimental data very well for hydrocarbons (also adds and esters). 
For lai^e n, l/ft, minus a constant, is proportional to 1/n (figure 11). 

If the heats of vaporization at the boiling points were proportional to 
n*'*, like those at a uniform temperature (equation 22), then Trouton’s 
rule of constant entropy of vaporization at the boiling point would imply 
that the boiling point also is proportional to n*'K ^ce the heat of 
vaporization at ir» inoream less rapidly than n*^*, however (figure 1), 
so also does the boiling point (^[ure 12). By means of the specific heat 
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curved for the liquid atid gas or the equations ther^or, boiling point values 
in good agreement with experiment can readily be calculated, but only 


JSOiOOi 


.OOtftO * 
.ootoo- 
.00160 - 
.00100 - 
.ooosoH 


joto 


.060 .10 



.14 


Fig. 11. Melting point data for normal paraffins 


.16 



over a limited rai^, because of the limited amount of data nov available 
on tile specific heats of the liquids. 
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To compare vapor pressures of a series of long-chain compoimds at a 
uniform temperature, one may use the relation 

AF, =» AH, — TAS, =s —RT In p (69) 

Substituting equation 67, one obtains 

In p “ “bt “ St St ” ^ 

The experimental data for the parafBns (from International Critical Tables 
and Landolt-Bdmstein TabeUen) approach agreement, as n increases, 
with an equation of this form, in which the constants are derived from 
those in the equations in figures 1, 8, and 9 (see figure 13). The deviar 
tions for small n are due almost entirely to the deviations of AH, from 
proportionality with n*'* (figure 1). 



SUMMARY 

From considerations which are largely qualitative in nature certain 
conclusions have been reached regarding the variation with chain length 
of various properties, — heat content, entropy, heat of fusion, heat of 
vaporization, vapor pressure, — of long-chain compounds at constant 
temperature. With the aid of experimental heat capacity data, expres- 
sions have been derived for the dependence on chain length of the melting 
point, heat of fusion and entropy of fusion at the melting point, and heat 
of vaporization at the boiling point. The variation of boiling point with 
chain length has also been briefly discussed. 

The conclusions reached have been tested, where possible, with experi- 
mental data for normal parafiKn hydrocarbons. 

The writer is glad to express his thanks to Dr. F. D. Rossini of the Na- 
tional Bureau of Standards for permission to use his unpublished heat of 
vaporization values, and also to Miss Dorothy Owen for much help with 
the calculations leading to the results reported here. 
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COMPUTATION OF MATHEMATICAL TABLES 

The following statement^ with reference to a project for the computation of 
mathematical tables under the Work Projects Administration may be of interest 
to the readers of The Journal of Physical Chemistry: 

A Project for the Computation of Mathematical Tables, sponsored by Dr. Lyman 
J. Briggs, Director of the National Bureau of Standards, is being conducted by the 
Work Projects Administration for the City of New York. The Project has been in 
operation since January 1, 1938, under the technical supervision of Dr. Arnold N. 
Lowan. 

An agenda of the Project, listing the tables completed, in progress, and under 
consideration, is given below: 


Completed tables 

1. A table of exponentials for the following ranges, intervals, and number of 
decimals: 


Rtmge 

InUnal 

Number of Soeimalo 

-2.6000 to 1.0000 

0.0001 

18 

1.0000 to 2.5000 

0.0001 

15 

2.500 to 5.000 

0.001 

15 

5.00 to 10.00 

0.01 

12 


2. A table of sines and cosines for the range from 0 to 25 radians at intervals of 
IQ-** to eight places of decimals. 

3. A table of the first ten powers of the integers from 1 to 1000. 

Tables in progress 

A. Computations completed; manuscripts in process of preparation 

1. A table of the functions — 



for the range between 0 and 2 at intervals of 19~^ to nine places of decimals. 

2. A table of the functions defined in paragraph 1 for the range between 0 and 10 
at intervals of 10r< to nine significant figures. 

3. A table of circular and hyperbolic sines and cosines for the range between 0 
and 2 at intervals of lO***. 

4. A table of natural logarithms of integers from 0 to 100,000 to sixteen places of 
decimals. 

6. A table of natural logarithms of decimal numbers from 0.0000 to 10.0000 at 
intervals of 10^^ to sixteen {daces of decimals. 


> Issued July 1, 1989. 
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C(Ht»tn!ATtOH or iUvsmjmoAL tablds 


8. A series of phyricsl tables: 

■ {a) 0 m 1/y/i — jS*, for fi ran^g from 0 to 0.9997 at various intervab. 
This table also inoludes certain functions depending on 0. 

(b) Table of 

Nk - 2we>r*{^ - l) 

for X ranging between 0.25 and 10 microns at various intervals, and for T •• 
1000, 1500, 2000, 2500, 3000, 3500, 6000<’K. 

(c) Table of 

J\ - - l) 

for T » 1000*K., rsuiging from 0.5 to 20 microns at various intervals. 

(d) Table of 

J^N,dy 

and 





for T « 1000*’K. Range of X the same as for J\. 

(s) Table of the ratios 

/x , ^ 


Range for X same as under paragraph c. 

B. Computations in progress 

7. Table of the probability functions 

«“•* and f dt 

V»Jo 

for X ranging from 0 to 1 at intervals of 10~^ and from 1 to 6 at intervals of KT 

8. Table of the probability functions 

for X ranging between 0 and 1 at intervals of 10~^ and from 1 to 8.4 at intervals of 10~*. 

9% Table of Bessel functions and Ji(z) for complex arguments, z ^ rs'S 
where r ranges from 0 to 10 at intervals of 0.01 and $ ranges from 0 to OO** at intervals 
of 5®. 

10. Table of tan x and cot x for x ranging between 0 and 2 at intervals of 10^^ 

11. Table of the integrals 

^ sin nwxdx and j ^ otm nirxdx 
*for n « 0, 1, 2, 3, ... 100 and A » 0, 1, 2, 3, 4, 5. 
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Tablet under consideration 

1. A 12*decimal place table of inverse tangents to radian measure. The table will 
include the following ranges: from 0 to 3 at intervals of from 3 to 10 at intervals 
of 10~*; from 10 to 40 at intervals of 10“^; from 40 to 100 at intervals of 1; and from 
100 to 1000 at intervals of 10. 

2. Table of Bessel functions Yoiz), and2iL±i/i(«), 
for ranges and intervals similar to those for J^(z) and /i(s). 

3. Table of 

Qn(x) * 

\ 2x 

tor X ranging between 0 and 10 at intervals of 0.01 and for n 1, 2, 3, . . . 10. 

4. Table of gamma functions for complex arguments a + hi, where a and b range 
from 0 to 5 at intervals of 0.05. 

6. Table of elliptic functions for arguments z ^ x + iy, where x and y range from 
0 to t/2 at intervals of 0.01. 

6. Table of the function 

A(x,y) - ^ ^ 

where x ranges from 0 to 1 at intervals of 0.01 and y ranges from 0 to 4 at intervals 
of 0.01. 

7. Table of temperature and density of stars, for ‘‘point-source’^ models. 

The directors of the Project are anxious to hear from scientific colleagues con- 
cerning work in progress elsewhere, as well as concerning suggestions for new tables. 
All suggestions will receive careful consideration. 

Communications concerning new tables or work in progress elsewhere should 
be addressed to Dr. Arnold N. Lowan, Chief Project Supervisor, Project for the 
Computation of Mathematical Tables, 475 Tenth Avenue, New York City, New 
York. 



ERRATA 


Vdvm 4S, Number 4f 

Page Kve of the references should be corrected to read as follows: 

(8) Bjsmni: Z. anorg. allgem. Chem. 109, 276 (1920). 

(B) Fbamrb and Mtbiok: J. Am. Chem. Soo. 88, 1907 (1916). 

(9) Goooukhwm: Phil. Mag. [71 8, 538 (1926). 

(U) Habkbd: J. Am. (3hem. Soo. 40, 1461 (1918); 48, 1808 (1920). 

(17) Soatohabd: J. Am. Chem. Soo. 48, 2387, 2406 (1921). 


Volume 4^} Number 6, June, 19S9 

Page 797: In equations 1 and 3 substitute “^Xw” for ‘VXm”. 

Page 798: In the main heading and in the right-hand box heading of 
table 2 substitute for ‘V”. 

Page 800: In the first and fourth lines under table 3 substitute v for 
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The War Oases, By Mabzo Sabtobi. Preface by G. Babgellini. Translated 

from the second enlarged Italian edition by L. W. Mobrison. 6 x 9 in.; xii + 

360 pp. ; 20 figures; 15 tables. New York: D. Van Nostrand Company, Inc., 1939. 

Price; $7.50. 

This book is a welcome addition to the library of chemical warfare. It is par- 
ticularly valuable to students of chemical warfare who have been curious about the 
chemical, physical, physiopathological, and tactical reasons for the rather small 
number of chemical agents considered satisfactory for war use by the military 
services. 

Doctor Sartor! has been careful to present rather completely and clearly the prop- 
erties that an effective war gas must have. He has not concerned himself with the 
non-toxic smokes, such as white phosphorus and titanium tetrachloride. He dis- 
cusses the physiopathological properties and gives data on the relative effectiveness 
of many of the war gases. The physical and chemical properties are considered 
with respect to the tactical uses to which the gases might be put and to the ease of 
manufacture and handling under war conditions. The relationship between chemi- 
cal structure and aggressive action, including the influence of the halogens, sulfur, 
arsenic, nitro groups, CN groups, and molecular structure on the war gas properties 
of chemical compounds are reviewed. He has included several methods of classifica- 
tion,~~chemical and tactical, — which have been presented by various workers. 

The book is most valuable for its complete data on more than sixty elements and 
compounds possessing properties making them possible war gases. Information is 
presented for each compound or element on its constitution, on laboratory methods 
of preparation, on the industrial method of manufacture where the compound has 
been produced industrially, and on its several properties. 

M. C. Roobbs. 

Ions, Electrons and Ionizing Radiations, By J. A. Cbowthjsb. Seventh edition. 

6 X 9 in.; xi -H 348 pp.; 117 figures; 17 tables. New York: Longmans, Green and 

Company, 1939. Price: 14.00, 

The earlier editions of this work are well known to students of electronics and 
nuclear physios or chemistry. It is intended as an elementary supplemental text 
for students who have had an introductory course in physics. The rapid increase 
in knowledge of the nucleus has necessitated extension of the text to include new 
sections on neutrons, positrons, and cosmic radiation. 

S, C. Lind. 

Experimental Methods in Qas Reactions, By A. Fabkas and H. W. Melvidlb. 

6 x84 in,; xv -f 389 pp.; 266 figures. New YorktThe Macmillan Company, 1939. 

All who have worked in the field of gas kinetics are familiar with the variety and 
the difficulty of the techniques that must be employed in preparing and handling 
gases under all the necessary conditions. The authors have performed a real service 
in collecting these, classifying them, and bringing them together for the first time 
under one cover. 

The treatment is extensive, including kinetic gas theory, collisions, energy dis- 
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tributioni and elements of chemical kinetics. There is a chapter of one hundred 
pages on the technique of handling gases, such as the use of vacuum pumps, gauges, 
vacuum points, control and measurement of pressure and of temperature; the prep* 
aration and analysis of gases, including some isotopes; photochemical technique 
including sources, control, and measurement of radiation; methods and devices 
for measuring rates of reactions and factors of influence such as catalysis, illumina- 
tion, and electric activation; and finally a section on explosive reactions. 

Naturally a manual on such a comprehensive field can not pretend to be exhaus- 
tive, but the authors have exercised excellent judgment in their selections and have 
produced a manual that should be as useful to experimental kineticists as the well- 
known Ostwald-Luther manual was earlier to all physical chemists. 

S. C. Lind. 

Diacavery of the Elements, By Mary Elvira Weeks. Fourth edition. Easton, 
Pennsylvania: The Journal of Chemical Education, 1939. Price: $3.00. 

The fourth and enlarged edition of this splendid account of the discovery of the 
elements will be welcomed by every lover of the history of chemistry. The reviewer 
can second the statement of the Scientific American: rich mine of elementary 

chemical lore informatively hut most readably written,'* if *‘and" be substituted for 
the word “but". There is no necessary antithesis between informative and read- 
able, as Miss Weeks has convincingly proved. 

In dealing with the elements the author has wisely not confined herself to atomic 
numbers but has also presented the discovery of some of the more important isotopes. 

The addition of a summarizing table of the elements, of their discoverers, and the 
dates of discovery, such as Professor W. Muhlemann of Hamline University brought 
out through the Fisher Scientific Company in 1936, would be a very useful addition 
in future editions of the present work. 

S. C. Lind. 

Semi-conductors and Metals. By A. H. Wilson. 120 pp. New York: The Mac- 
millan Company, 1939. Cambridge: University Press, 1939. Price: unbound, 
$ 2 . 00 . 

This is one of the series of Cambridge Physical Tracts. The author needs no 
introduction to physicists and physical chemists. 

The present tract is a most timely treatment of the electronic theory, metals, 
and semi-conduction. Naturally it deals with the various properties that can be 
described in terms of electronic behavior, such as thermal and magnetic properties 
and conductivity. This treatment is simple and non-mathematical. Full refer- 
ences are made to the literature of this field. The work is indispensable to one who 
wishes an introduction to the most modern work on the physical properties of metals. 

8. C. Lind. 

The Elements of Fractional Distillation, By Clark 8. Robinson and Edwin Rich- 
ard Gilliland. 8 x 6 in.; xii -f 267 pp.; 97 figures. New York: McGraw-Hill 
Book Company, 1939. Price: $3.00. 

With the recent advances in the treatment of the more complex distillation prob- 
lems of industry, there was need of extension and revision of the two earlier editions 
of this book (1922 and 1930). The present revision is in collaboration with E. R. 
Gilliland. 

As stated in the preface of the earlier editions, the authors attempt to give an 
introduction to the study of fractional distillation according to the l^t ideas of 
physical chemistry and chemical engineering. They specifically state that it is not 
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fet cdmplete treatise on the subject. The first part of the book discusses the phase 
rule in relation to simple and complex systems, followed by a discussion of the gas 
laws and solutions. This part of the book is essentially unchanged. For the pur- 
pose of the book, the treatment given in this part is probably adequate, but for a 
fundamental treatment according to the "best^^ modern ideas of physical chemistry, 
some improvement could be made as to completeness and correctness. 

There has been a rearrangement and addition of new material in the latter part 
of the book. Chapters on special cases such as the distillation of ammonia, ben- 
zolized wash oil, methyl alcohol, and ethyl alcohol follow the short chapter on 
simple distillation and partial condensation, whereas in the earlier editions they 
were treated in the last part of the book along with chapters on rectification of the 
complex hydrocarbons. 

There is a new chapter on binary mixtures in which the methods of Sorel, McCabe 
and Thiele, Ponchon, Savarit, Lewis, Smoker, and Fenske are discussed. The new 
chapter on multicomponent rectification is treated according to the work of Lewis 
and Matheson, Lewis and Cope, Underwood, and Brown and his associates. Other 
new chapters are on the rectification of adsorption naphtha and on column perform- 
ance on the basis of plate efficiency, pressure drop, allowable rates of flow, etc. 
This is a worthwhile addition to the previous chapters on condensers and acces- 
sories. 

The book is best suited to those interested in the elementary theory of distilla- 
tion and the design of distilling apparatus for different purposes. It gives very little 
on the actual practical operation or installation of distillation equipment. The 
treatment of packed columns and the advantages, costs, and efficiency of various 
types of packing is too short; description or reference to certain types of packings 
and new columns has been omitted, as, for example, the centrifugal types. 

The authors have advantageously added references at the end of many of the 
chapters and worked out a number of new problems, all of which makes the book 
more valuable. The rather extensive tables of data on various volatile liquids have 
been omitted, since it was felt that such data may be obtained from handbooks now 
available. 

In an elementary treatise it would seem that the authors might well attempt to 
define more carefully all the new terms introduced as well as explain more fully the 
significance and units of their symbols. There are a number of annoying errors in 
labelling figures and following the labelling correctly in the text. As an example 
one may cite the description of figure 10 on page 22, where the primes are left off the 
letters in the discussion. Again, on page 39 they refer to the * dotted line AC** 
which is not dotted in the figure, an error carried over from the earlier edition. Most 
of the figures are fairly well chosen, but the units are often left off the diagrams and 
are sometimes hard to find in the text. While corrections of many of the mistakes 
and typographical errors, as well as some corrections in English, have been made in 
this new edition, some still remain. In general the book is written lucidly, but 
occasionally there is a poor choice of words which leaves the exact meaning obscure, 
especially for an elementary treatise. The generalizations in chapter XIV are 
illuminating. They would be of more value, however, if some attempt at a quan- 
titative statement were also included. 

T. I. Taylok. 

Colloidal Phenomena, By Ebnst A. Hausbb. First edition. 6 x 9 in. ; xx + 294 
pp.; 123 figures. New York: McGraw-Hill Book Company, 1939. Price: $3.00. 

This book can be strongly recommended as an introduction to colloid science. 
It is written in a lively style, without hesitation; simple curves and diagrams are 
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given in good number and often ‘^one picture says more than many words'*. The 
first historical chapter contains a aeries of little-known and interesting facts. 

Naturally opinions will differ as to the material that should be included in a book 
having this goal; the reviewer would miss gladly a good deal of the systematios 
brought in in the fibrst chapters and would prefer to find, instead^ in later ones more 
about solvation, coacervation, colloidal electrolytes, and Liesegang's rings. But 
the material chosen by Hauser is suitable for informing the reader as to the scope, 
the problems, the methods, and the results of colloid science. 

The author avoids mathematical reasoning in the seventeen chapters, i.e., in 
two hundred and twentynsix pages of the book; he adds, however, an appendix of 
forty-six pages, containing a detailed mathematical discussion of some important 
colloidal problems. A certain preponderance given to the applications of optics 
and x-rays in colloidal physics is justified by their great significance. 

H. FaSUNDLlCH. 

Fini Report on Viscosity and Plasticity, Prepared by the Committee for the Study 
of Viscosity of the Academy of Sciences at Amsterdam. Second edition, 7J x 
lOJ in. ; viii 4* 272 pp. ; 98 figures. New York: Nordemann Publishing Company, 
Inc. Price : $7.00. 

The First Edition of this First Report on Viscosity and Plasticity was reviewed 
briefly, together with the Second Report, a short time ago (J. Phys. Chem. 42 , 
1249 (1938)). The fact that the second edition has been published after only four 
years proves how welcome this sound and extensive treatment of viscosity and 
plasticity has been to many readers. 

The chapters particularly interesting to the physical chemist are the first and 
second ones by J. M. Burgers, entitled ‘^Mechanical Considerations — Model Sys- 
tems — Phenomenological Theories of Relaxation and Viscosity” and “Remarks in 
Connection with the Experimental Investigation of Flow Properties” ; the third one, 
by H. G. Bungenberg de Jong, entitled “Viscosity Measurements with Special Refer- 
ence to their Application in Colloid Chemistry*’ ; the fourth one, by C. J. van Nieu- 
wenburg, entitled “Viscosity and Plasticity from a Technical Point of View.** The 
title of the third chapter might be misunderstood; it treats only the true, Newtonian 
viscosity of colloidal solutions, not their anomalous or structural viscosity. Anoma- 
lous viscosity has so far not been dealt with comprehensively in these reports, 
although many factors connected with it, e.g., yield value, plastometers, and the 
motion of small elongated particles in viscous liquids have been discussed in other 
chapters, for instance, in chapters 1 and IV of this First Report and in chapters 
III, IV, and V of the Second Report. Nevertheless, a special treatment of these 
phenomena, particularly as to their importance in colloid science, would be de- 
sirable. 

The book under review is mainly an impression of the first edition. Minor 
changes are an interesting insertion in H. J. Jordan’s chapter (“Viscosity Effects 
in Living Protoplasm”) and an index. 

H. Fbxundlich. 

Protective Coatings for Metals, By R. M. Bubns and A. E. Sohuh. American 
Chemical Society Monograph No. 79. 407 pp. ; 46 tables; 89 figures. New York; 
The Reinhold Publishing Corporation, 1939. Price: $6.^. 

This book is in a sense a revision of the monograph by H. S. Rawdon, published 
in 1927, but is enlarged to include protective coatings of all types, induing pmnts 
and lacquers. 

The subject matter of the book has bean wdl selected, and dirou^out thmre is 
evidenced the thorough familiarity of the authcurities with the methods of preparing 
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costingBi the methods of testing coatings, and the quality of coatings produced by 
various procedures. The book is imusually well written and is remarkably free 
from error. 

The book is profusely illustrated with tables, data, curves, and micrographs. 
Literature references given in the form of footnotes, while not exhaustive, are well 
chosen and are adequate, so that the reader may inform himself in greater detail 
on any portion of the subject matter by reading these well-selected references. 
The reaction of this reviewer is well expressed by a portion of the foreword written 
by H. S. Eawdon, which reads as follows : ''The investigator of the abstruse problems 
of corrosion, as well as the materials engineer seeking practical help in combating 
this problem by preventing corrosion by protecting the surface, will ^d this volume 
a veritable mine of information on all phases of the subject.” 

Edwin M. Bakbr. 

Omelina Handhuch der anorgantBchen Chemie, 8 Aufiage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 27: Magnesium. Teil 
B, Lieferung 4. 26 x 18 cm.; pp. 423-649. Berlin: Verlag Chemie, 1939. Price; 
18.76 RM. 

This section contains the conclusion of the description of the compounds of mag- 
nesium, mostly double salts with salts of alkali metals and including such analyti- 
cally important substances as magnesium ammonium phosphate. This part contains 
a large number of phase rule diagrams. The section at the end deals with the tech- 
nical preparation of magnesium compounds from various raw materials. The 
present part completes the B section on magnesium. The abundant numerical 
data make this a very useful section of the Handhuch, 

J. R. Partington. 

Omelins Handhuch der anorgantBchen Chemie. 8 Aufiage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 36. Aluminium. Teil 
A, Lieferung 6. 26 x 18 cm. ; pp, 887-1110. Berlin: Verlag Chemie, 1939. Price: 
27.75 RM. 

This section deals with the alloys of aluminum with the metals from manganese 
to rhenium, inclusive, in the schematic order of Gmelin, The physical and chemical 
properties of the alloys and their analysis are dealt with, and the information is 
remarkably complete, the mechanical properties, for example, being fully dealt 
with. The text is very well illustrated with curves and diagrams, and there are many 
detailed tables of properties. The section will be of special interest to metallur- 
gists as well as to chemists. 

J. R. Partington. 

OntelinB Handhuch der anorganischen Chemie. 8 Aufiage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 68: Platin. Teil B, 
Lieferung 1. 26 x 18 cm,; pp. 1-72. Berlin: Verlag Chemie, 1939. Price: 8.25 
RM. 

This section deals with the physical properties of platinum under the following 
headings: nucleus, atom, crystallographic properties, mechanical properties, and 
thermal properties. Further sections continuing this description will follow. The 
literature is exhaustively covered, and some valuable pieces of information have 
been added from private unpublished sources. There is a section on the atomic 
weight of platinum, and one on the passage of gases through platinum. Since the 
physical properties of platinum are of importance in many branches of investigation, 
this section of Gmelin will be of very general interest. 


J, R. Partington. 
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Lehrhuch cfor anorffantBehen Cheme. By Ebnbt H. Rimmwmw. Zwdte, nBubear* 

beitete Aufiage. 7 x 10 in.; vii + 706 pp. Wien; F. Deuticke» 10^. Price: 

unboundi 10.50 RM.; bound, 12 RM. 

When a book of this type calls for a second edition within five years, it is evidence 
of a favorable reception. In the meantime the author has gone from the University 
of Berlin to the Nobel Institute in Stockholm. The greatest value of this book lies 
in giving a comprehensive view of the whole field of chemistry, both descriptive and 
theoretical, necessarily condensed, but yet clear. It is such a book as should be 
required in the reading of every candidate for an advanced degree in chemistry, to 
furzush a true background for specialised work. I know of no other book which so 
well fills this place, the next best being Morgan and BurstalFs Inarffanic Chemi$try 
(which should also be required), but Biesenfeld’s book is not conned to modem 
developments and is broader, though of course, since it covers so much more ground, 
it is not as detailed. Another advantage to the American student is that its perusal 
would give a familiarity with the German vocabulary of chemistry, which would 
facilitate the reading of all German chemical literature. 

New to this edition is the following: the chapter on ''Isomerie und Isotopie bei 
Wasserstoff, Sauerstofi, und Wasser’S* material on deuterium; the use of natural and 
artificial radioacrive isotopes in solving problems of constitution; and the significant 
biochemical relations of many elements. Much other material is brought well up 
to date. 

The theoretical material of physical chemistry is taken up in a natural connection, 
a subject often being treated at first in a simpler form ; e.g., eatalyBXB is first taken up 
under the combustion of hydrogen and carbon, then in connection with mass action 
and equilibrium, then under contact sulfuric acid, and finally under the Haber 
process; complex saltB are first considered imder nitrogen and ammonia in the am- 
mines and cyanides of nickel, then under nitric acid in connection with the codrdina- 
tion theory, then under the iron cyanides, and then very fully under the complex 
salts of chromium. Colloid chemistry is taken up under sulfur, and is excellently 
epitomised. 

The historical data are rather carefully checked, and the industrial side, including 
metallurgy, is for the most part the practice of today. A few American developments 
have escaped notice : no mention is made of ^*HTH” or **TSP” ; Pyrex glass is spoken 
of as ^^englisch”; the tise of platinum in '*Zahntechnik” is mentioned, but not that 
of palladium; of the electrolytic diaphragm cells, only the Griesheim and Billiton are 
referred to. But these are minor flaws and there are not many of them. A few 
illustrative experiments are described with good diagrams. The press^work leaves 
nothing to be desired, and only a very few typographical errors have been noticed 
(185.8** for —185.8** as the boiling point of argon, and so for krypton and xenon). 
Altogether, it is a comprehensive, well-balanced book, and one to be highly 
commended. 


Jas. Lawxs Hows. 



' THE CONSTITUTION OF THE ALLEGED 
“THIESSEN HYDRATES”! 

HARRY B. WEISER, W. O. MILLIGAN, and W. J. COPPOC 
Department of Chemistry, The Rice Institute, Houston, Texas 

Received August 1, 19S9 

The slow hydrolysis of the ethylates of ferric iron, tin, and silicon yields 
highly hydrous precipitates of the respective oxides, which are almost 
amorphous to x-rays. Thiessen and coworkers (10, 11, 12, 13, 14, 15, 16, 
17) have subjected these oxides to isothermal and isobaric dehydration 
and have obtained curves which indicate the existence of a series of definite 
hydrates stable over limited ranges of temperature and pressure. To 
illustrate: (o) iron oxide gel from ferric ethylate was said to give the 
hydrates FejO»-xH»0, where x = 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 
and 0.5; (6) stannic oxide gel from stannic ethylate was said to form 
SnOj'xHjO, where x = 2.5, 2.0, 1.75, 1.5, 1.0, and 0.5; and (c) silica gel 
from ethyl silicate was said to yield the hydrates SiO*- xHsO, where x = 3.0, 
2.5, 2.0, 1.5, 1.0, and 0.5. Typical curves recently reported by Spychalski 
(8) for a silica sample from Thiessen’s laboratory are reproduced in figure 
1. At first glance such evidence of hydrate formation appears quite 
conclusive. Indeed, Hiittig and Fricke in their book, Oxidehydrate und 
Hydroxide, have devoted several pages to these imusual series of oxide 
hydrates and have dignified them by the name “Thiessen hydrates.” In 
many years’ experience (c/. 20) with the dehydration of gelatinous oxide 
hydrates and other dispersed systems, the authors failed to obtain sharp- 
step dehydration curves. Moreover, to the authors’ knowledge no such 
curves of highly dispersed hydrates have been obtained by anyone except 
Thiessen and coworkers. On the contrary, in the dehydration of minutely 
crystalline or amorphous systems, all investigators except Thiessen have 
obtained smooth curves or curves with rounded steps only. For this and 
other reasons, the authors (21, 22, 23, 24) were led to question the individu- 
ality of the remarkable series of hydrates reported by Thiessen. Iso- 
thermal dehydration studies on hydrous ferric oxide from ferric ethylate, 
reported in 1935 (22), failed to indicate the presence of a single hydrate 
of the oxide. Thiessen and Koppen attributed our failure to find any 
ferric oxide hydrates to impurities in the sample and to faulty technique. 

* Presented at the Sixteenth- Colloid Symposium, held at Stanford University, 
California, July 6-8, 1036. 
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V(^th reference to the latter, it was claimed that we waited so long for 
equilibrium to be established that the alleged hydrates, being somewhat 
unstable, decomposed during the time required to establish points on the 
curve. The first objection might have some validity, since we did not 
crystalliie the solution of ferric ethylate that was hydrolyzed. The 
second objection does not appear to be valid, since the time reqidred to 
obtain the points was similar in Thiessen’s experiments and our own. 
Thiessen waited 15 min. after equilibrium was established, whereas we 
found that an approximate state of equilibrium was obtained in a half- 
hour at low temperatures, and readings were taken only after the pressure 
had remained approximately fixed for a half-hour. A much more sig- 
nificant difference (not mentioned by Thiessen) between the two sets of 
experiments was the fact that Thiessen’s iron oxide was prepared at 
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Fio. 1. Dehydration isotherms for hydrous silica from the hydrolysis of ethyl silicate 

(after Spychalski) 

approximately 17“C., whereas we carried out the hydrolysis at 26-30°C. 
It would be expected that any hydrates decomposing below 30®C. would 
have been missed in our experiments. 

Because of the disagreement in the results, a comprehensive study was 
made of the alleged Thiessen hydrates of iron, tin, and silica, the utmost 
care- being exercised in the preparation and dehydration of the samples. 

EXPERIMENTAL 

Apparatus and general procedure for isothermal dehydration 

The isothermal dehydration of the oxide preparations was carried out 
in the apparatus shown diagrammatically in ^re 2 (22, 24). The general 
procedure consisted in pumping off a defoite amount of water and measur- 
ing the vapor pressure by means of a manometer filled with 'Vacuum 
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pump oil” of known density. Since hydrous ferric oxide tends to bump 
during dehydration (16), this preparation was placed in tube A (figure 2) 
and a mat of dried glass wool was placed above the sample to prevent loss 
in the event of bumping. The change in composition was followed by 
direct weighing. With ail the other samples, the change in composition 
was followed by means of the McBain-Bakr balance (6, 19). The use of 
this device improved the experimental technique, since the apparatus 
did not have to be disconnected at any time during the running of a 
complete set of isotherms. 

With highly hydrous bodies such as these under consideration, an 
approximate state of equilibrium is attained in a relatively short time 
at each pressure, especially at the low temperatures. Equilibrium was 
assumed to be established when the manometer showed no measurable 



Fio. 2. Isothermal dehydration apparatus 
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increase in pressure in 16 min., that is, when the increase in pressure was 
less than 0.1 mm. of oil in 16 min. This required about 2 hr. at tempera- 
tures below 120-160®C. 

For each isotherm, temperatures were maintained constant to 0.06‘*C. 
in either a water or an oil thermostat, depending on the temperature. 
Changes in vapor pressure and in the length of the silica spring were 
measured with precision measuring microscopes. The oil manometer was 
immersed in a thermostat at 26'’C. For minute details of procedure the 
reader is referred to the Doctorate Thesis of Mr. W. J. Coppoc, copies of 
which are available in the library of The Bice Institute. 

Hydrous ferric oxide * 

Preparation of samples. Ferric ethylate was prepared by the inter- 
action of solutions of anhydrous ferric chloride and sodium ethylate in 



1112 


H. B. WXIIB]^, W. O. MILUOAN, AND W. J. COPPOC 


absolute alcohol. The procedure was carried out in an apparatus similar 
to that of Thiessen and coworkers (10, 11, 12, 13, 14, 16, 16, 17), except 
that the following special precautions were taken to secure a highly pure 
product: (a) All materials were protected from atmospheric moisture 
with dry-air trains consisting of calcium chloride, magnesium perchlorate 
trihydrate, and phosphorus pentoxide. The absolute alcohol was pre- 
ptured by distilling commercial absolute alcohol from metallic calcium, 
followed by further drying by the method of Smith (7), to give a product 
that contained less than 0.1 per cent of water. The ferric chloride was 
Bsker and Adamson anhydrous salt, which was resublimed before dis- 
solving in the special absolute alcohol, using a “dry-air box” to effect the 
transfer. The sodium ethylate was prepared by placing a definite amount 
of pure sodium in a reaction flask and covering it with absolute alcohol 
made as described above. These operations were carried out in an atmos- 
phere of dry hydrogen in a dry box. 

After the interaction between sodium and alcohol was complete, an 
exactly equivalent amount of the ferric chloride solution was run in. The 
reaction mixture was refluxed for 24 hr. and allowed to stand until the 
sodium chloride had settled out, after which the supernatant ferric ethylate 
solution was drawn into a dry flask through a filter of fritted glass. This 
flask was sealed tightly to prevent even a trace of moisture from entering 
and was allowed to stand for several weeks until a crop of ferric ethylate 
crystals were formed. The crystals were large, well-defined, and dark 
brown in color. 

Sutra (9) failed to get pure crystals of ferric ethylate, probably because 
he worked with too dilute solutions or did not maintain the solution dry 
for a sufficient length of time. In the experiments described above 
approximately 30 g. of ferric chloride in 1500 cc. of special absolute alcohol 
were employed. Crystals of ferric ethylate separate much more quickly 
if the concentrations of the solutions of ferric chloride and sodiiun ethylate 
are doubled. Under these conditions the temperature of the mixture 
must be maintained just below the boiling point until the filtration is 
complete, after which the ferric ethylate solution may be cooled slowly to 
8°C. and allowed to stand at that temperature. A crop of cr 3 r 8 tals sepa- 
rates within 2 or 3 days. 

Crystals obUuned as above described were removed from the super- 
natant liquid, washed with the special alcohol, and then dissolved in 500 
cc. of this alcohol. After analysis for iron content, an amount necessary 
to give a final concentration which was 15 millimolar with respect to ferric 
oxide was diluted to 1000 cc. with the special absolute alcohol. This 
solution in a 2-liter unstoppered Erlenmeyer fladr was placed in a tliermo- 
stat at 17'’C., and moisture from the air was allowed to diffuse in and 
hydrolyse the feme ethylate. The reaction was complete in appro:ri- 
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mately 4 weeks, after which time the resulting hydrous ferric oxide was 
collected, washed with 95 per cent alcohol, and dried to a composition of 



Flo. 4. Dehydration isotherms for hydrous ferric oxide from slowly crystallized 

ferric ethylate 

about 5.5 moles of water per mole of ferric oxide. At no time was the 
temperature allowed to rise above ca. 17"C. 

lioOurmal dehydration. Three distinct samples of ferric oxide were 
dehydrated isothermally. The results are shown in figures 3, 4, and 5. 
Samples I and II were prepared by hydrolysis of ferric ethylate which had 
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separated very slowly from a weakly supersaturated solution of the salt. 
Sample III, prepared a year later, was obtained from the ethylate precipi- 
tated more rapidly from the more highly supersaturated solution. 

An approidmate state of equilibrium was attained in ea. 2 hr. at each 
pressure for the lower temperatures, but at 166®C. the pressure was found 
to be incretusing somewhat at the end of 2 hr. This was traced to a slow 
transformation of the oxide, amorphous to x-rays, to definitely crystalline 
a-FejO» (hematite), possessing a distinctly different color. This sponta- 
neous transformation is known to go on very slowly at low temperatures 
in contact with water (22), so that a state of absolute equilibrium is never 
attained in a reasonable time at any temperature. 



Fio. 5. Dehydration isotherms for hydrous ferric oxide from rapidly crystallized 

ferric ethylate 

The results in figures 3, 4, and 5 give no indication whatsoever of the 
existence of hydrates of ferric oxide. These observations with the oxide, 
prepared especially pure under carefully controlled conditions both of 
formation and of dehydration, confirm our earlier conclusions (21, 22, 23) 
that the hydrates claimed by Thiessen have no existence in fact. Thiessen 
contends that we missed the hydrates because they were transient and we 
failed to catch them “on the run.” This contention is not justified, be- 
cause equilibrium was attained fairly promptly at the low temperatures, 
and a series of isotherms once started was completed without interruption. 
Moreover, in special experiments which were carried out to determine the 
rate at which equilibrium was set up at various temperatures, we failed 
to detect any indications of the unstable hydrates assumed by Thiessen. 
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Hydrous stannic oxide 

Preparation of samples. Stannic ethylate was prepared and hydrolyzed 
in essentially the same way as ferric ethylate. Stannic ethylate differs 
from the iron salt in crystallizing from absolute alcohol much more easily 
and rapidly. The samples of ethylate were recrystallized five times before 
subjecting their dilute alcoholic solution to slow hydrolysis. 

Isothermal dehydration. Two samples of hydrous stannic oxide were 
subjected to isothermal dehydration. The first sample, obtained after 
several weeks’ hydrolysis, was washed with 95 per cent alcohol and dried, 
first between filter papers and then with a vacuum pump to a composition 
approximately SnOj-5HsO. This sample, when subjected to isothermal 
dehydration, gave the curves shown in figure 6. Referring to the 15°C. 


o"- 



Fig. 6. Dehydration isotherms for hydrous stannic oxide dried between filter papers 

and with a vacuum pump 

isotherm, it will be noted that the sample gives an abnormally high vapor 
pressure (even above that of water at this temperature). Since the odor 
of alcohol was detectable over the sample, it was assumed that adsorbed 
alcohol accounted for the high vapor pressure. 

The second sample was exposed to the atmosphere at 17°C. for 2 weeks 
before subjecting it to isothermal dehydration, data for which are shown 
graphically in figure 7. The lower initial vapor pressure of this sample at 
16“C. shows that excess alcohol either evaporated, or upon exposure to air 
was displaced by water adsorbed from the atmosphere. It is of interest 
that the original 11“C. isotherm of Thiessen and Koemer (13) for stannic 
oidde likewise showed an abnormal vapor pressure, but that later ll^’C. 
isotherms for the same sample exhibited a decreasing abnormality. Thies- 
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sen claimed that hia sample contained no alcohol, in spite of this evidence 
to the contnuy. 

Figures 6 and 7 fail to give any evidence of hydrate formation. This 
confirms the results of our earlier isobaric dehydration and x-ray diffraction 
studies (21) on the oxide from stannic ethylate. It appears, therefore, 
that stannic oxide gel precipitated by any known method consists of minute 
crystals of anhydrous SnOi (cassiterite) with adsorbed and entrained 
water. 

Hydrous silica from ethyl silicate 

Preparation of samples. Hydrous silica was formed by the hydroljrsis 
of pure, redistilled ethyl silicate. Two samples of the oxide were prepared, 
one in the spring of 1938 and the second in the fall and winter of 1938-39. 


O 



Fig. 7. Dehydration isotherma for hydrous stannic oxide dried in air at 17^C. 

Both samples were made by using 37 cc. of ester, 18.5 cc. of absolute alco- 
hol, and 1850 cc. of distilled water in a 4-liter Erlenmeyer flask. The 
flask was shaken vigorously, placed in a thermostat, and the contents 
stirred mechanically for 4 days. On standing quietly for 2.5 months, a 
copious gel resulted. The supernatant liquid was poured off, and excess 
liquid was removed by breaking the gel and centrifuging the resulting 
suspension. One part of sample 1 was dried rapidly to approximately 
KOj'lOHjO, using first a water pump and then a Cenco Hyvac pump. 
Duplicate isotherms at lO.fi^C. of one portion of sample I were obtain^ 
in Jime, 1938 (figure 8, curves A and B). A second portion of sample I 
was dried as above described and was stored in a mechanical refrigerator 
at approximately 8“C. for 7 months, after which time duplicate 11.6®C. 
isotherms were obtained (figure 9, curves B and D). A tWrd portion of 
sample I was stored in contact with liquid water at 8*’0. for 9 months, and 
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was then subjected to isothermal dehydration. The 11.6“C. isotherm 
shown in figure 9, curve A, was obtained for the aged portion of sample 
I after drying between filter papers. Curve C of figure 9 is the 11.6®C. 
isotherm for the 9 months’ old sample 1 after washing five times with water, 
five times with alcohol, and five times with water, and drying between 
filter papers. 

Sample II was dried between filter papers and with the vacuum pump 
to a composition of approximately SiOa-lOHjO and was stored at S^C. 



PRESSURt, MM. PRESSURE, MM 

Fig. 8 Fig. 9 

Fig. 8. Dehydration isotherms (10.5°C.) for hydrous silica. Sample I, dried with 
a water pump and vacuum pump, and used at once. A and B arc duplicate iso- 
therms. 

Fig. 9. Dehydration isotherms (11.6°C.) for hydrous silica. Sample I: curves 
B and D are duplicate isotherms for silica dried with a water pump and a vacuum 
pump, and aged at 8°C. for 7 months. (A) Sample dried between fflter papers and 
aged at 8*0. for 9 months. (C) Sample washed with water, alcohol, and water, and 
dried between filter papers. 

until used. Duplicate isotherms at ll.C^C. are shown in figure 10, curves 
A and B. 

It is apparent that the dehydration curves give no indication of the 
existence of the series of silica hydrates reported by Thiessen and co- 
workers. Unlike the dehydration curves for the hydrous oxides from the 
ethylates of iron and tin, the curves for hydrous silica from ethyl silicate 
show one point of inflection, the position of which varies somewhat with 
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different samples. This could be due to a definite hydrous hydrate such 
as SiOi'HsO, but the evidence is by no means conclusive. In his classical 
work on the dehydration of silica, van Bemmelen (18) observed a point of 
inflection in the dehydration curves. This was confirmed by Zsigmondy, 
Bachman and Stevenson (25), Anderson (1), Bachman (2), Lenher (4), 
Berl and Urban (3), and others (20). A possible explanation is that two 
kinds of adsorption are involved: ( 1 ) capillary condensation in the pores 
of the gel structure and { 2 ) monomolecular adsorption on the silica surface 
that constitutes the walls of the capillaries (6). In the event that the loss 




Fig. 10 Fig. 11 

Fig. 10. Dehydration isotherms (11.6°C.) for hydrous silica. Sample II, dried 
between filter papers and used at once. A and B are duplicate isotherms. 

Fig. 11. Dehydration isotherms (ll.fi’C.) for hydrous silica from sodium meta- 
silicate. (A) Sample III, precipitated at room temperature and dried with a 
vacuum pump. (B) Sample IV, precipitated at 0°C. and dried between filter papers. 


of water from capillaries takes place almost completely before desorption 
from' the surface begins, the isothermal dehydration curve will show a 
point of inflection on passing from one type of adsorption to the other. 
This would explain why the point of inflection will vary with different 
samples. On the other hand, if desorption from capillaries and from the 
surface takes place simultaneously in the critical range, the dehydration 
isotherm for the same ssrstem considered above may show a slight point of 
inflection or no point of inflection. The variation in position and degree 
of tibe fibction in the curves from different samples of hydrous silica from 
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ethyl silicate suggests that the changes of direction are due to what may be 
termed the van Bemmelen phenomenon, rather than to the loss of water 
from a definite hydrate of silica. 

Hydrous silica from sodium metasilicate 

Preparation of samples. Samples III and IV of silica were prepared 
by adding 30 cc. of glacial acetic acid to a solution containing 50 g. of 
NaiSiOg'OHiO in 125 cc. of water. In preparing sample III the solutions 
were mixed at room temperature, and in preparing sample lY the solu- 
tions were cooled to 0°C. before mixing so that the temperature never 
rose above 20®C. The samples were washed until the wash water was 
neutral to litmus. Sample III was dried by use of a vacuum pump, and 
sample IV was dried between filter papers. 

Isothermal dehydration. The two samples prepared as above described 
were dehydrated isothermally at 11.6®C. with the results shown graphi- 
cally in figure 11. Curve A was obtained from the sample precipitated 
at room temperature, and curve B from the sample formed at O^C. 

The perpendicular portion of curve B represents the vapor pressure of 
water at that temperature. Neither curve shows a point of inflectioD 
like those in figures 8 and 9 and (to a much smaller extent) in figure 
10. Moreover, they differ from the curves of van Bemmelen and Ander- 
son in showing no point of inflection. These differences might be expected, 
since the conditions of preparation vary widely. The freshly formed gel 
from sodium metasilicate was precipitated rapidly and was not allowed 
to age. The gels from ethyl silicate were formed slowly, and therefore 
should possess a physical structure different from that of the gels from the 
metasilicate. The aged gels from ethyl silicate give a more pronounced 
point of inflection (figure 9) than the fresh gels from ethyl silicate (figures 
8 and 10). Van Bemmelen’s gels were prepared from silicate of soda 
solution containing colloidal silica that was as old as the water glass solu- 
tion. A gel precipitated from sodium metasilicate and aged for several 
months might give a point of inflection similar to that obtained by van 
Bemmelen with the gel from water glass. This experiment will be carried 
out. 

sinmARY 

The following is a brief summary of the results of this investigation: 

1. Thiessen and coworkers have reported the preparation of ten definite 
hydrates of ferric oxide, six definite hydrates of stannic oxide, and six 
definite hydrates of silica. These series of alleged hydrates were detected 
by sharp steps in the dehydration isotherms of gels prepared by the slow 
hydrol3rsis of the ethylates of iron, tin, and silicon, respectively. The 
improbability that highly hydrous materials will (pve sharp-step dehydra- 
tion isotherms has been pointed out. 
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2. The hydrous gels prepared by the slow hydrolyns at IS'^C. of ferric, 
stannic, and silicon ethylates have been subjected to isothennal dehydrar 
tion. The experimental technique was simplified and rendered more 
accurate by the use of the McBtdn-Bakr balance. 

3. The dehydration isotherms for ferric oxide and stannic oxide pre- 
pared from the ethylates show no points of inflection that would indicate 
the presence of definite hydrates. These hydrous gels consist of the 
oxides with adsorbed or entrained water. 

4. The dehydration isotherms for hydrous silica from the ethylate give 
one point of inflection, the position of which varies with the conditions 
of formation and treatment of the sample. This inflection point may 
correspond to a definite hydrate, such as SiOj*HjO, but the evidence is 
not conclusive. There is no indication of the series of hydrates claimed 
by Thiessen and coworkers. 

5. The dehydration isotherms for samples of hydrous silica, prepared 
at 0“C. and at room temperature, by the interaction of solutions of sodium 
metasilicate and acetic acid, show no indication of hydrate formation. 
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Many papers, too numerous to mention here, have shown that the pres- 
ence of neutral salts influences the ionization of weak electroljrtes in aque- 
ous solution. It has also been shown on numerous occasions that the 
effects of the salts can be quantitatively explained on the basis of the 
Debye-Hflckel theory of interionic attraction. Amino acids differ from 
most of the less complex weak electrolytes by nature of the highly polar 
structure of the electrically neutral molecule. The electrostatic fields 
surrounding this highly polar molecule may be expected to be more intense 
than those surrounding the relatively non-polar molecules of weak electro- 
lytes such as acetic acid and ammonia. However, it is also to be expected 
that, with suitable correction for the polarity of the amino acid molecules, 
the Debye-Hiickel equation will be equally applicable to the effects of 
salts on the ionization of amino acids. The experiments of Sprensen (19), 
Neuberger (13, 14), Eawai (8), and Morton (12) are at least qualitatively 
in accord with this expectation. 

In 1928 Simms (18) published some interesting observations on the 
effects of salt mixtures on the ionization of glycine. An “antagonism” 
between the effects of sodium or potassium and calcium or magnesium 
ions was noted. The biological phenomenon of “ion antagonism” is 
frequently regarded as being dependent in some manner on the surface 
area presented by the large particles of protoplasm and the cell membranes. 
The report of Simms was of interest, since it dealt with an example of 
“ion antagonism” that occurred in a single-phase system. It was of 
particular interest in its bearing on the general theory of electrolytes, 
because of the anomalous nature of the experimental results reported. 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. 

* This work was aided by grants from the Research Board of the University of 
California and from Eli Lilly and Company. The authors are indebted to the 
Cyrus K. Warren Fund of the American Academy of Arts and Sciences for the loan 
of the Type K potentiometer. 
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The present communication deals with the reinvestigation of certain 
parts of the work of Simms and an extension of it to include the effects of 
salt mixtiures on the ionization of alanine. 

EXPERIMENTAL TECHNIQUE 

The results have been obtained by measurement of the e.m.f. of cells 
of the type 

Hg 1 HgCl, KCl (1.0 N) 1 KCl (satd.) H amino acid, NaOH or HCl, . . 

salt mixture j H* (Pt) ^ 

where the amino acid concentration was about 0.02 M and the salt con- 
centrations were varied between wide limits. 

Stock solutions of the amino acid and sodium hydroxide or hydro- 
chloric acid were made up to twice the concentration that was desired in 
the experimental solutions. The salt whose concentration was to be 
maintained constant throughout the given series was added to the stock 
solution. The experimental solutions were made up by pipetting 12.5 cc. 
of the stock solution into 25-cc. volumetric flasks, adding the desired 
amounts of a stock solution of the salt whose concentration was to be 
varied throughout the series, and diluting to volume with distilled water. 
All salts and amino acids were purified by recrystallization. 

The hydrogen electrode consisted of a short piece of platinum wire 
sealed through one end of a short length of glass tubing. The wire was 
coated with platinum black by electrolysis in the customary manner. The 
vessel for the hydrogen electrode was surrounded by a water jacket, through 
which water at 26.0®C. was circulated. The whole apparatus was kept 
in an air bath at 25.0‘’C. The calomel cell was prepared according to the 
directions of Clark (3). The hydrogen was prepared electrolytically. 
The E.M.F. was measured with a Leeds and Northrup Type K potentiom- 
eter in conjunction with a Leeds and Northrup Tsrpe 2420-c galvanom- 
eter. The standard cell was checked against one that was certified by 
the Bureau of Standards. 

After the e.m.f. was corrected to 1 atmosphere pressure of hydrogen, 
the evaluation of the pH of the solutions was made with the aid of the 
table given by Schmidt and Hoagland (16). 

RESULTS 

As a preliminary to further investigation of the phenomena reported 
by Simms, several of his series were selected at random and repeated. 
All of the solutions were made up at the concentrations that are stated 
in his tables. The pH of the solutions was determined in the manner 
t h a t is previously described. 
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The experimental results are presented graphically in figures 1 and 2. 
The points on the graphs are experimental and the cmves were drawn to 
fit the points. The curves representing Simms’ data have been drawn 
through all of his points and in the manner adopted by him. The lower 
curves in figure 1, with the experimental points marked by circles, show 
the effects of varying amounts of sodium chloride on the pH of a glycine 
buffer containing 0.01 M magnesium chloride. The upper curves in 
figure 1, marked by squares, illustrate the effects of sodium chloride on 
the pH of a glycine buffer containing 0.00416 M calcium chloride. The 
effects of calcium chloride on the pH of a glycine buffer containing 0.0025 M 
magnesium chloride are shown in figure 2. 




Fig. 1. A comparison of the present results with those reported by Simms. Con- 
centration of glycine, 0.10 M. 0.05 equivalent of sodium hydroxide added. Meas- 
urements with the hydrogen electrode. 0.00416 ilf calcium chloride, concentration 
of sodium chloride varied: ■, present data; □, data of Simms. 0.01 M magnesium 
chloride, concentration of sodium chloride varied: #, present data; O, data of 
Simms. 

Fig. 2. A comparison of the present results with those of Simms. Concentration 
of glycine, 0. 10 Af . 0.5 equivalent of sodium hydroxide added . 0.0025 M magnesiiun 
chloride. Concentration of calcium chloride varied. O , data of Simms ; □ , present 
data, measurements with the hydrogen electrode; ■, present data, measurements 
with the glass electrode. 

It was felt that further evidence concerning the accuracy of Simms’ 
observations should be obtained by the application of a second method; 
therefore certain experiments were carried out with the aid of a glass 
electrode. The vacuum-tube amplifier was of the type designed by 
DeEds (5). The glass electrode was of the bulb type, blown from Coming 
016 glass. Temperature control was obtained by means of an air bath. 
The remainder of the apparatus was similar to that employed in connection 
with the hydrogen electrode. 

The results of a series that is representative of those that were carried 
out with the aid of the glass electrode are shown in figure 2. Since the 
absolute values of the pH were of relatively small importance for the 
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present purpose, the i^iass electrode was standardized 'with a buffer whose 
pH was only appronmately kno'wn. Any difference in the slopes of the 
two present curves may in all probability be explained by the influence 
of salts on the potential of the glass electrode (11). 

The results presented above cast serious doubt on the validity of the 
observations of Simms. It is believed that the accuracy of the present 
experiments was sufficient to disclose any variations of the magnitude 
reported by Simms. However, it should be mentioned that at times 
variations of points from a smooth curve were observed. In no case did 
the variations agree with those of Simms. Because of this, and the failure 
to reproduce them, it is felt that there is sufficient justification for regarding 
these variations as the result of one of the many possible sources of experi- 
mental de'viation in electrode technique. Also, it is believed that the 
similarity of the results obtained with the glass electrode to those obtained 
•with the hydrogen electrode serves as further proof of the correctness of 
the present results. 

No attempt to offer an explanation of the differences between the present 
results and those of Simms is made. In the absence of more detailed 
information concerning his experimental technique, any such attempt 
would be futile. 

It should be pointed out that, on the basis of the present theory of 
electrolyte solutions, the effects of salts on the properties of the solute or 
on the colligative properties of the solution may be expected to be some 
simple function of the salt concentration. Thus, activity coefficients of 
uni-univalent salts have repeatedly been found to be proportional to the 
square root of the concentration in dilute solutions and to be expressible 
by an equation involving the square root of the concentration and the first 
power of the concentration in more concentrated solutions. Theoretical 
justification for these relationships has been found in the theory of electro- 
static attraction between the ions. Any radical departure from these 
simple relationships, such as those noted by Simms, must be regarded as 
highly anomalous. It is therefore felt that the burden of the proof and 
explanation lies with the observer of the abnormal phenomena. 

The effects of magnesium chloride, sodium chloride, barium chloride, and 
certain mixtures thereof on the ionization of alanine in acidic solutions are 
sho^ in figure 3. —log has been plotted as the abscissa, where 
— 1<^ Xi is defined by 

—log Kx = —log aH+ - log (2) 

CR'*' 

By plotting this function, instead of pH, it has been possible to compare 
series tiiat were made up to differing degrees of neutralization. CR-t- and 
Cb*, respectively, represent the concentrations of the alanina zwitter ion 
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and the alanine cation. aH+ represents the hydrogen-ion activity. The 
concentrations in the ratio in equation 2 have been evaluated by means 
of the expressions 


Cr+“ = Ct — Ca H" ch+ 
cb+ = Ca - Ch+ 


( 3 ) 


where cj represents the total concentration of amino acid, Ca the added 
concentration of hydrochloric acid, and Ch+ the hydrogen-ion concentrar 



Fio. 3. The effects of sodium chloride, magnesium chloride, barium chloride, 
and their mixtures on the ionization of alanine in acidic solutions. Concentration 
of alanine, approximately 0.03 A/. 0.5 equivalent of hydrochloric acid added. 
Upper half: A concentration of magnesium chloride varied; □ » concentration 
of sodium chloride varied; O " 0.008 Af magnesium chloride, concentration of sodium 
chloride varied; ■ » 0.02375 Af sodium chloride, concentration of magnesium chlo- 
ride varied. Lower half: ■ « concentration of magnesium chloride varied; O » 
concentration of barium chloride varied; □ 0.03575 Af magnesium chloride, con- 

centration of barium chloride varied; A 0.0358 Af barium chloride, concentration 
of magnesium chloride varied. Curves 1, II, and IV are theoretical. 

tion. Because the values of the activity coefficient of neither hydro- 
chloric acid nor the hydrogen ion in the salt mixtures are available, the 
approximation that the activity coefficient of the hydrogen ion equals 
unity has been nmde for the purpose of evaluating ch-^ in equation 3. 

The ionic strength has been calculated in terms of moles per liter of 
solution and is denoted by ^ . In this calculation, the concentration of 
that portion of the amino acid that is in its electrically neutral form has 
been neglected. All other ionic species in the solution have been included 
in the summation. 
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The solid lines in figure 3 have been calculated according to the theo- 
retical equation 

-log JCi = -log Kj, + log 7 b+- - log yjt* (4) 

which is readily obtained from equation 2 by introduction of the expression 
cy “ a, where y represents the activity coefficient of the species denoted by 
the subscript. J^a is the thermodynamic dissociation constant and is 
defined by 


Kj, 


«R+ 


( 6 ) 


Log 7 b+ in equation 4 was calculated according to the Debye-Hlickel 
(4) equation 


-log 7 = 


0.504 

1 -f- 0.328a 


( 6 ) 


TABLE 1 


Valuet of R, b, a', and a used in calculating solid curves in figure 9 



CUBVM 

I AND IV 

CUBTSll 

R (dipole di8tance)i in A 

4.19 

4.19 

h (radius of zwitter ion), in A 

3.08 

3.08 

a' (Debye-Htickel), in A 

4.0 

4.6 

a (Kirkwood), in A 

4.65 

6.0 


in which a represents the “collision diameter” of the ions. Log 7 k+- was 
calculated by Kirkwood’s (9) equation for the activity coefficients of 
zwitter ions. 

The simplest assumption regarding the alanine zwitter ion is that the 
molecule may be represented as a sphere and that the center of the dipole 
corresponds to the center of the sphere. Upon consideration of a spatial 
model of alanine, it will be evident that the spherical conditions are 
reasonably well approximated. Under these conditions, all terms but the 
first one in the infinite summation of Kirkwood’s equation are equal to zero, 
—log 7 ii+- is therefore dependent on the dipole of the zwitter ion, the 
diameter of the molecule, and the “collision diameter,” which is a factor 
analogous to the a in the Debye-Hfickel equation. 

The values used in the calculations of the solid curves in figure 3 are 
given in table 1. The values of the universal constants were obtained 
from Birge’s (10) compilation. 




DISSOCIATION OP ALANINE AND GLYCINE 


1127 


The effects of salts and their mixtures on the ionization of alanine in 
basic solutions are shown in figures 4 to 8. —log which is defined by 

-log Xb = -log aoH log (7) 

Or- 

has been plotted as the abscissa, ooh- represents the hydroxyl-ion 
activity, and cr- represents the concentration of the alanine anion, ooh- 
was determined from aH+ by the expression 

^H+^OH" = (8) 



Fig. 4. The effects of magnesium chloride, sodium chloride, and their mixtures 
on the ionization of alanine in basic solutions. Concentration of alanine, approxi- 
mately 0,03 M. Concentration of sodium hydroxide, 0.003 M. H « concentration 
of magnesium chloride varied; O » 0.0376 M sodium chloride, concentration of 
magnesium chloride varied; • « 0.225 M sodium chloride, concentration of mag- 
nesium chloride varied; G *» 0.0691 M magnesium chloride, concentration of sodium 
chloride varied ; ■ » 0.0125 Af magnesium chloride, concentration of sodium chloride 
varied; X » 0.0025 M magnesium chloride, concentration of sodium chloride varied; 
□ * concentration of sodium chloride varied. Curve VII is theoretical. 

The value of 13.995 (10) was used lovKw, the ionization constant of water. 
The concentrations in the ratio in equation 7 were evaluated with the aid 
of the equations 


= Cx Cr + CqH” 
Cjj- Cb — CoH“ 


( 9 ) 
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Fig. 5. The effects of sodium chloride, magnesium chloride, and their mixtures 
on the ionization of alanine in basic solutions. Concentration of alanine, 0.03 M, 
Concentration of sodium hydroxide, 0.021 M. A » concentration of magnesium 
chloride varied; □ » 0.16 M sodium chloride, concentration of magnesium chloride 
varied; B » 0.08 M magnesium chloride, concentration of sodium chloride varied; 
■ «" 0.00386 M magnesium chloride, concentration of sodium chloride varied; O ■■ 
concentration of sodium chloride varied. Curve V is theoretical. 



Fig. 6. The effects of potassium chloride, sodium chloride, calcium chloride, and 
their mixtures on the ionization of alanine in basic solutions. Concentration of 
alanine, 0.03 ilf . Concentration of sodium hydroxide, 0.015 M, □ «> concentration 
of calcium chloride varied; ■ «- 0.0625 M potassium chloride, concentration of cal* 
cium chloride varied; B « concentration of sodium chloride varied; O •« 0.3 Af 
potassium chloride, concentration of sodium chloride varied; A » concentration of 
potassium chloride varied. Curves III and V are theoretical. 

in which cb represents the added concentration of sodium hydrosade and 
CQiBr represents the hydroxyl-ion concentration. The apprmdmatimi that 
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Fig. 7. The effects of calcium chloride^ magnesium chloride, and their mixtures 
on the ionization of alanine in basic solutions. Concentration of alanine, 0.03 M. 
Concentration of sodium hydroxide, 0.016 M. □ * concentration of magnesium 
chloride varied ; B « 0.0538 M calcium chloride, concentration of magnesium chloride 
varied ; A * 0.0931 M magnesium chloride, concentration of calcium chloride varied ; 
■ 0.04 M magnesium chloride, concentration of calcium chloride varied; O » 

concentration of calcium chloride varied. 



Fig. 8, The effects of barium chloride, sodium chloride, magnesium chloride, 
and their mixtures on the ionization of alanine in basic solutions. Concentration 
of alanine, 0.03 M, Concentration of sodium hydroxide, 0.016 Af. A » concen- 
tration of magnesium chloride varied; O 0.01 M barium chloride, concentration 
of magnesium chloride varied; □ concentration of barium chloride varied; ■ « 
0.0358 M barium chloride, concentration of sodium chloride varied. 
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aoH- =* CoH- was employed. Because of the low hydroxyl-ion concentrar' 
tion, any imcertainty resulting from this approximation is considerably 
less than in the case of the hydrogen-ion concentration appearing in equa- 
tion 3. The activity of water has been taken as equal to unity in all of 
the solutions. 

The broken lines in the figures have been drawn to fit the experimental 
points. The solid lines have been calculated according to the theoretical 
equation 

-logij:^ = -logiCfl - logTR- + log7R+- + BiXo (10) 

in which is defined by 


v _ aR+-aoH- 

Ab 

ttR- 


( 11 ) 


bog 7 r+- and log 7 r- in equation 10 were calculated with the aid of the 
Debye-Hiickel and Kirkwood equations, respectively. The values that 


TABLE 2 

Values of o', o, —log Kb, and B 



FIGITRB 6 
CUBVX VII 

FiaURB 7 

CURVE V 

nouRR 8 
CURVE III 

FIGURE 9 
CURVE V 

a' (Debye-Hiickel), in A 

6.0 

5.0 

5.0 

4.66 

a (Kirkwood), in A. . .... 

4.3 

4.3 

4.3 

4,6 

—log Kb 

4.135 

4.160 

4.160 

4.160 

« 

0.0963 

0.0951 

0.0961 

0.00 


were used for the various dimensions that occur in these equations are 
given in table 2. The values of 3.08 A. and 4.19 A., respectively, have 
been used for h and R in the Kirkwood equation. 

The term B/x* may be likened to the “salting-out” term which has been 
used by Cohn and coworkers (6) to describe the solubilities of amino 
acids and proteins in salt solutions. The value of B was empirically calcu- 
lated from the experimental data. 

DIBCTJB8ION 

The similarity of the effects of the various salts and the theoretical 
calculations, for the case of the ionization of alanine in acidic solutions, 
indicates that forces of the type considered in the Debye-Hiickel and 
Kirkwood equations are the chief factors that determine the effects of all 
of the salts up to moderate salt concentrations. In the case of the ioniza- 
tion in basic solutions, the wide divergence of the effects of the divalent 
salts from the effects of the monovalent salts and from the theoretical 
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calculations indicates specific effects of the salts of the alkaline-earth 
metals. 

A possible explanation of the specific effects of the divalent cations is 
through equilibria of the types 

+ A- :p± MA+ 

MA‘^-hA"^MA2 

where M’*'^ represents Ca'*"*', Ba"^, or and A“ represents the alanine 
anion. It is possible to explain the effects of divalent inorganic cations 
on the ionization of certain organic acids in terms of mass action constants 
that apply to equilibria of these types (2). It is not necessaiy to make 
a commitment as to the exact nature of the physical forces involved or as 
to the exact physical natures of the complexes MA+ and MAj. A second 
possible explanation, at least in the case of the effects of magnesium 
chloride, is the formation of the insoluble hydroxide of the metal. The 
effect of such a precipitation is a decrease in pH and a corresponding in- 
crease in —log Ks- The solutions that were employed for the experi- 
ments presented in figure 4 were water-clear. The solutions for the ex- 
periments in figure 5 contained a visible precipitate of magnesium hydrox- 
ide. Because of the low solubility of magnesium hydroxide, it is not 
possible to explain the specific effects of magnesium that are apparent in 
figure 4 on the basis of hydroxide formation. The most probable explana- 
tion is, therefore, one that is based on the formation of complexes of the 
types MgA+, CaA+, BaA^, MgAt, CaAj, and BaAj. 

At any one value of the ionic strength in figures 4 and 5, the displace- 
ment of the apparent constant by magnesium chloride is greater in figure 5. 
This, at least in part, may be attributed to the formation of the insoluble 
hydroxide in the solutions that were employed for the experiments in 
figure 6. 

The difference between curves IV and V or between curves IV and VI 
in figure 4 is less at high salt concentrations than at low salt concentrar 
tions. Simms (17) has noted a similar effect of salt mixtures on the 
ionization of oxalic acid. Greenwald (7) offered an explanation of these 
observations of Simms, which is based on the hypothesis of the formation 
of undissociated complexes between the magnesium ion and the oxalic 
anion and the effects of changes in the ionic strength, through addition of 
sodium chloride, on this equilibrium. Because of the similarity of the 
present results to those of Simms (17), it is considered that the explanation 
proposed by Greenwald is sufficient for the present case. 

No attempt has been made to calculate the theoretical curves for the 
effects of the divalent cations and the salt mixtures that have been deter- 
mined in alkaline solutions. Because of the formation of the hydroxides. 
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tiie egnstems are too complex to yield readily to quantitative theoretical 
treatment. 

The data contained in this paper are based on electromotive force 
measurements of cells that involve a liquid junction. The present work 
has in a large part been repeated and extended by use of cells that did not 
involve liquid junctions and therefore the calculations do not involve 
any extra-thermodynamic assumptions. These data will be reported else- 
where. In general they fit in with the ideas expressed in this paper. 

The complete data are on file in the University of California Library. 

SUMMARY 

1. Certain experiments of Simms concerning the effects of salt mixtures 
on the pH of alkaline glycine solutions have been repeated. His results 
have not been verified. 

2. The effects of salt mixtures on the ionization of alanine in both 
alkaline and acidic solutions have been determined. 

3. The results have been compared with theoretical calculations, and 
certain factors that are not accounted for by the theoretical equations have 
been discussed. 
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The literature on the acid- and base-binding capacity of gelatin contains 
many values reported by different investigators. Most of these values 
have been obtained by a study of the combination of gelatin with hydro- 
chloric acid and sodium hydroxide, and they have been accepted by many 
workers as general values applicable to any acid or base. It was, there- 
fore, thought desirable by the authors that a study of the combination of 
gelatin with other acids and bases be made in order to determine whether 
one can correctly accept the combining weights of gelatin with hydro- 
chloric acid and with sodium hydroxide as its equivalent weights as a base 
and an acid, respectively. 

Several values for the combining capacity of gelatin with acids and 
bases as obtained by different investigators have been listed in table 1. 
It is to be noted that all work was done with sodium hydroxide and hydro- 
chloric acid except in two cases: namely, the value obtained by Hitchcock 
(11) for the combination of gelatin with sulfuric acid from conductivity 
studies, and the value obtained by Chapman, Greenberg, and Schmidt (5) 
for the combination of gelatin with dyes. It should be further mentioned 
that much of the difference found in the values listed results from differ- 
ences in methods of calculation. 

THE ACID-BINDING CAPACITY OP GELATIN FROM VISCOSITY STUDIES 

In 1929, Bacon (2) reported a value of 1090 for the combining weight 
of gelatin with hydrochloric acid. This was obtained by stud 3 ring the 
viscosity of gelatin-hydrochloric acid solutions to determine the weight 
ratio of acid to gelatin at the maximum viscosity. The value is in excellent 
agreement with those obtained by electrometric methods. Bacon used 
three different concentrations of gelatin with the same result in each case. 

> Presented at the Sixteenth (Tolloid Symposium, held at Stanford Univereity, 
California, July &-8, 1989. 

* Published with the approval of the Monographs Publications Committee, Oregon 
State College, as Research Paper No. 28, School of Science, Department of 
Chemistry. 
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TABLE 1 

Aci(2- and baae^inding capacity of gelatin 


aamvA- 

LnmsX 

lOKpsa 

COICBXK- 

xiro 

ItVTHOD 

DATS 

xxnrsimoATOB 

OBAMOF 

OSLAVXK 

wnoar 





Acid*binding capacity 


150 

666 

Electrometric titration 

1913 

Manabe and Matula (16) 

lao 

770 

Electrometric titration 

1916 

Procter and Wilson (18) 

70 

1430 

Indicator titration 

1919 

Bracewell (4) 

119 

840 

pH from catalysis 

1921 

Wintgen and KrUger (21) 

300 

333 

Electrometric titration 

1922 

Lloyd and Mays (15) 

113 

885 

Electrometric titration 

1922 

Wintgen and Vogel (22) 

92 

1090 

Electrometric titration 

1922 

Hitchcock (9) 

89 

1120 

Electrometric titration 

1923 

Hitchcock (10) 

/86 

\86 

1160 

1160 

Conductivity 

Conductivity (HaS 04 ) 

1923 

Hitchcock (11) 

84 

1180 

Electrometric titration 

1924 

Atkin and Douglas (1) 

104 

960 

Combination with dyes 

1927 

Chapman, Greenberg, and 





Schmidt (5) 

92 

1090 

Diffusion potential 

1927 

Ferguson and Bacon (7) 

[93.5 

\94 

1070 

1060 

Electrometric titration 
Conductivity 

1929 

1 Hitchcock (12) 

92 

1090 

Viscosity 

1 1929 

Bacon (2) 

68 

1470 

Electrometric titration 

1931 

Prideaux (17) 

300 

332 

Adsorption of dry hydro- 

1931 

Belden (3) 



gen chloride by dry 
gelatin 



96 

1040 

Electrometric titration 

1 1931 

Hitchcock (13) 

96 

1040 

Electrometric titration 

1932 

Hitchcock (14) 


Base-binding capacity 


130 

770 

Electrometric titration 

1916 

Procter and Wilson (18) 

57 

1750 

Electrometric titration 

1925 

Cohn (6) 

61 

1640 

Electrometric titration 

1931 

Prideaux (17) 

90 

1110 

Electrometric titration 

1931 

Hitchcock (13) 

73 

1370 

Electrometric titration 

1932 

Ferguson and Schluchter (8) 


TABLE 2 


Acid^inding capacity of gelatin from viscosity studies 



KAXIlfVM 

WBXOBT BATIO 
AdD TO OBZ^ATXN 
AT MAXXUVU 1 

Tuoostrr 

AcxD-Biinnifa capacxtt 

ACID 

SXLATZTS 

YXaCOSITT 

Equivalentt { 
X 10» p€r gnun 
of gdam 

Combining waight 

Ha 

3.25 

0.0360 



Hao4 

3.13 

0.1010 



HiS04 

2.25 

0.0530 



H,P04 

3.25 

0.1400 



HCiHiO. 

3.19 

4.588 
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It was reasoned that the viscosity change was largely an electroviseous 
effect and, therefore, the maximum viscosity should coincide with the 
maximum salt formation or the maximum amount of acid bound. 

Since, in the case of gelatin treated with hydrochloric acid, the viscosity 
maximum yields a value for the combining weight of gelatin which is in 
good agreement with those obtained by electrometric methods, similar 
viscosity studies of the combination of gelatin with perchloric, sulfuric, 
phosphoric, and acetic aCids, as well as with hydrochloric acid, have been 
carried out. 

Solutions were made up to contain 0.6000 g. of air-dry (0.6241 g. of 
bone-dry) Eastman electrodialyzed gelatin and varying amounts of the 
acids per 100 ml. The viscosities of these solutions were determined at 
40°C., using an Ostwald type viscometer. In each case the combining 
capacity for the particular acid has been calculated from the viscosity 
maximum. The results are given in table 2. 


TABLE 3 

Base-binding capacity of gelatin from viscosity studies 


BASS 

iCAXZiftrii 

BBLATIVB 

▼18C08ITT 

WBZGBT BATtO 
ACXO TO OBBATIN 
AT MAXIMUM 
T18COB1TT 

BASB-BINDINO CAPACITT 

Equivalents 

X 10^ pertpBzu 
of gelatin 

Combining weight 

NaOH 

2.89 

0.0500 

125 

800 

KOH 

4.26* 

0.0520 

93 

1080 

NH 4 OH 

2.77t 

0.1621 

453 

216 


* 0.987 g. of gelatin per 100 ml. 
1 0.473 g. of gelatin per 100 ml. 


It is to be observed that the value obtained for the combination of 
gelatin with hydrochloric acid is in fair agreement with those determined 
electrometrically, but the values obtained for the other acids show defi- 
nitely that this combining capacity is specific for hydrochloric acid. 
Although the values obtained with the other strong acids are quite close 
to that for hydrochloric, those obtained for phosphoric and acetic acids 
are so far different that the mechanism in these cases must be different 
from the mere binding of the hydrogen ion, as has been assumed to be the 
case for hydrochloric add. 

TWE BASE-BINDING CAPACITT 07 GELATIN 7B0M VISCOSITY STUDIES 

• 

Viscosity studies, similar to those carried out with the acids, have been 
made on gelatin solutions containing sodium, potassium, and ammonium 
hydroxides. The results are given in table 3. Although the value ob- 
tained for the combination of gelatin with sodium hydroxide is not in good 
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agreement mth the values listed in table 1, if the weight ratio at maximum 
viscosity is any measure of the base-binding capacity of gelatin it is quite 
evident that gelatin binds distinctly different amounts of the three bases 
studied. As was the case with the acids studied, much larger amounts of 
the weak base were bound. 

THE ACID-BINDING CAPACITY OF OBLATIN FROM ELECTROMETRIC 
TITRATION STUDIES 

As a further check on the possible variance of the acid-binding capacity 
of gelatin for different acids, electrometric titrations have been run on 
solutions of gelatin with hydrochloric, perchloric, sulfuric, and phosphoric 
acids. A glass electrode, calibrated against standard phthalate buffer 
solutions, was used to determine the pH values of the solutions. In each 


TABLE 4 

Add-binding capadty of gelatin from electrometric tludiea 





XQTnVALBMTS 

1 



AGIO 

BXPSBUaBWT 210. 

X 10» PUB GBAM 

coMBiiniro wnoBT 




OF QBLATIN 



HCl 

{ 

1 

2 

90 
* 94 

lliol 

1060J 

|(av. - 1085) 

HCIO 4 . . . 



1 

104 

960 



f 

1 

96 

1040] 


H,S04.... 



2 

95 

1050 

(av. - 1030) 


i 

3 

100 

loooj 


H,P04... 



137 

730 



case the pH was carried to values between 1.5 and 2. All determinations 
were made at SS^C., and the solutions were weighed at the time of meas- 
urement so that correction could be made for changes in concentration due 
to evaporation of water. Eastman electrodialyzed gelatin was used in 
all the experiments, ^he concentration of gelatin was kept at approxi- 
mately 5 per cent in order to minimize the error at low pH values. Calcu- 
lations of acid bound were made following the procedure outline<f*by 
Hitchcock (14). 

Table 4 gives the results obtained in these experiments. Activity coeffi- 
cients used in making the calculations were obtained as follows: for hydro- 
chloric acid, from the data of Scatchard (20); for perfchloric add, the 
values used for hydrochloric acid; for sulfuric add, values from 
and Scott (19); for phosphoric acid, values obtained by the authors by 
determining the pH of phosphoric acid solutions with the samS apparatus 
used in the gelatin work. 
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A comparison of the combining weight values given in tables 2 and 4 
shows about as good an agreement as can be expected between such 
different methods of determination. It is, however, evident that the com- 
bination of gelatin with acids aUd bases is not simply a combination of the 
gelatin with the hydrogen or hydroxyl ions. Until more is known con- 
cerning the effect of gelatin upon the activity coefficients of the hydrogen 
and hydroxyl ions, the possible hydrolysis of the gelatin in strongly acid 
and alkaline solution, and about the changes in aggregation produced by 
high and low pH values, it does not seem possible to interpret these results 
further. 
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INTRODUCTION 


A large amount of eflFort has been devoted to the problem of determining 
the factors which control the partition of the blood calcium. Encouraging 
progress has been made, but a complete solution is not at hand. The 
complexity of the problem can be seen from the large number of factors 
which are known to influence the serum calcium partition. These include 
(a) the concentration and nature of the serum protein, (6) the inorganic 
phosphate concentration, (c) the magnesium concentration, (d) the pH 
of the blood, (e) the ionic strength of the serum, and (f) the presence of 
complex ion forming agents such as citrate, ascorbate, etc. As yet it is 
not possible to evaluate adequately the effect of many of the above vari- 
ables. 

An important advance in the understanding of the influence of the 
protein on the partition of the serum calcium has been made through the 
work of McLean, Hastings, and their associates (16, 17, 18, 24). These 
workers concluded that the calcium proteinate of the blood serum behaves 
as a weak electrolyte whose dissociation, as a first approximation, may be 
described by the mass law equation 


[Ca-^J X lPr“l 
[CaPr] 




( 1 ) 


This hs^pothesis was foreshadowed by the observation of Greenberg and 
Gunther (6) that the protein-bound calcium and diffusible calcium arc 
correlated by means of the Langmuir adsorption isotherm. The mathe- 
matical similarity between the Langmuir isotherm and the mass law equa- 
tion, under certain conditions, has been pointed out by Hitchcock (9). 


‘ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July d-8, 1939. 

* This article is an abstract of a thesis submitted to the Graduate Division of 
the University of California by Clarence E. Larson in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, May, 1937. 
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In their work, McLean and Hastings employed an ingenious biological 
method of estimating calcium-ion concentrations in bi<dogical fluids, 
namely, that of determining the response of the frog heart to variations in 
calcium-4on concentration (17). This technic leads to the conclusion that 
virtually all of the diffusible calcium of normal blood serum is in an ionized 
condition. The shortcoming of this method is that the frog heart is quite 
limited with respect to the concentration range over which it is sensitive, 
the upper limit being about 2.0 millimoles of Ca''"^. 

As has been pointed out by McLean (15), a number of uncertain assump- 
tions are involved in the numerical treatment by McLean, Hastings, and 
their associates of the calcium proteinate dissociation equation. The most 
important is the use of the hydroxide titration value of a protein as a 
measure of the calcium-combining groups of the protein ; or, in other words, 
that it represents the molal concentration of the protein with respect to its 
calcium-combining group. A second assumption is that the serum protein 
behaves toward calcium as if it were a series of divalent ions. The present 
investigation is devoted to a study of the influence of the serum protein 
and colloidal calcium phosphate on the partition of the serum calcium, 
employing quite different experimental and mathematical procedures in 
an effort to eliminate the experimental shortcomings and the assumptions 
of doubtful accuracy pointed out above. The partition of the calcium 
and inorganic phosphate was determined by ultrafiltering the blood serum 
through collodion membranes. Ultrafiltration was carried out by a 
modification of the method of Greenberg and Gunther (6).* The range of 
concentrations of the calcium and protein fractions were extended experi- 
mentally by (a) injections of calcium salts, (6) production of hsrpervita- 
minosis D, and (c) parathormone injections. Alterations in vitro were 
produced by merely adding calcium chloride in amounts necessary to 
produce the desired level. So far as may be judged, the variations be- 
tween in vivo experiments and in vitro experiments are no greater than the 
variations within each group. Alteration in protein was produced by 
plasmapheresis. 

MATHEMATICAL TBEATMENT OF THE DATA 

Chemical ssnmbols without brackets have been used to represent con- 
centrations in milligrams per 100 ml. of serum, except for proteins which 
are given in grams per 100 ml. Bracketed symbols will designate con- 
centrations in moles per liter. The symbols TPr, TCa, etc., will be used 
for total protein, total calcium, etc. Pr — will represent protein ion, 
CaPr calcium proteinate, and Ca^'*' diffusible calcium.^ 

* Full details of the experimental and analytical procedures are given in the 
thesis of C. E. Larson (11). 

* For the evidence that the diffusible calcium is virtually all ionised, see references 
3 and 16. 
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The mathematical treatment of the partition of serum calcium in this 
work, as in that of McLean and Hastings, is based upon the assumption 
that the dissociation of the calcium proteinate is governed by the law of 
mass action. The mass law equation can be represented most simply 
when all of the variables concerned can be expressed in units of molar 
concentration. In that event one can write : 


since 


[Ca-^ X tPr”] 
[CaPr] 


= i^CaPr 


ITPr] = [CaPr] + [Pr-n 


( 2 ) 

(3) 


On substituting for [Pr ] there is obtained 

(Ca+-"] X ([TPr] - [CaPr]) _ ^ 
[CaPr] 

Rearranging gives 

[TPr] _ ICcPr 

[CaPr] [Ca++] 


(4) 

(5) 


Equation 5 shows that a plot of [TPr]/[CaPr] against l/[Ca'*^+] should 
yield a straight line in which the slope will be equal to Kc^, and the inter- 
section on the [TPr]/[CaPr] axis will be 1. 

Since the results of the serum calcium partition are not commonly 
expressed in units of molar concentrations, it is desirable to show the 
relationship which exists between the molar units and the more commonly 
employed method of representing calcium values in milligrams per 100 ml. 
and protein in grams per 100 ml. of serum. 

In the latter case, the mass law equation may be written as: 


CaST X Pr” 
CaPr 


= £ (a constant) 


( 6 ) 


The protein-ion concentration is obtained from the relation: 


Pr” « TPr - 


CaPr 

A 


(7) 


where .4 is a conversion factor which represents the calcium-combining 
power of the protein expressed in milligrams of calcium per gram of protein. 
Substituting in equation 7 for Pr — there is obtained: 


carx 


^TPr - 
CaPr 


CaPr\ 
A ) 


sse 


B 


( 8 ) 
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From this 


TPr _ 1 , B 
CaPr ® I CaV 


( 9 ) 


According to this equation, if TPr/CaPr is plotted against l/CaJ"*", a 
strai^t line is obtained, the slope of which is equal to B, and the inter- 
section on the TPr/CaPr axis is equal to 1/A. Tbe relationship between 
the constants 1/A and B of equation 9 and Kct.Pt of equation 5 may be 
seen from the following considerations. 

TTie relations between concentrations in moles and the commonly 
employed weight units may be represented by 


4[Ca'^ X 10* « CaS+; 4[CaPr] X 10* - CaPr; 


4[Pr— I 


X 10* = Pr" 


( 10 ) 


On substituting the corresponding values in equation 6 there is obtained 


4[Ca'^] X 10* X 4[Pr“~] X 10* 
4[CaPrl X 10* A 
or 

[Ca^ X tPr~] _ BA 
[CaPr] 4 X 10* 

which is identical with equation 2. Therefore, 

jr 

4 X 10* 


( 11 ) 


( 12 ) 


(13) 


This derivation shows that the calcium protein dissociation constant in 
molar units is given by the product of the constants B X A over 4 X 10* 
when the concentration of calcium is expressed in milligrams per cent and 
serum protein in grams per cent. 


EXPERIMBNTAD BESDLTS 

Colloidal caJeium phosphate 

Before the relationship between calcium and protein can be examined 
in the present experiments, the effect of the formation under certain special 
ocmditions of a non-diffusible colloidal complex of calcium and phosphate 
in the blood must be considered. Under normal physiological conditions 
in man and apparently in most animals, the inorganic phosphate of the 
serum is completely diffusible. In the fowl a considerable fraction of the 
inor^mic phosphate is normally in a non-diffusible condition (6, 12). 
When the product of the calcium-ion and phoephate-ion concentrations is 
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increased, the solution stability of some calcium phosphate compound is 
appm^ntly exceeded and it appears in the blood stream in a colloidal form. 
The literature concerning this phenomenon has been reviewed by Schmidt 
and Greenberg (21) and by Greenberg (2). 

Evidence for the presence of colloidal calcium phosphate is found in 
conditions in which there is a h 3 rpercalcemia. Experimentally, this may 

TABLE 1 


Formation of colloidal calcium phosphate in blood serum* 


TIMS 

8SSUM 

Ca 

DirmaiBLB 

Ca 

MOM- 

DirruaiBLB 

Ca 

INOKOAKIC 

P 

MOM- 

DlFTUaiBLB 

P 

COLLOIDAL 

Ca>(P 04 )s 

CALCIUM 

PBOTBIN- 

ATB 


A. Human blood serum augmented with calcium 


2.76 

1.57 

1.19 

1.35 

0.03 

0.015 

1.14 

4.20 

2.24 

1.96 

1.35 

0.29 

0.15 

1.54 

5.20 


2,19 

1.29 

0.29 

0.15 

1.75 

6.40 

3.32 

3.08 

1.29 

0.55 

0.28 

2.27 

7.55 

3.58 

3.98 

1.29 

0.90 

0.45 i 

2.63 

8.68 

4.47 

3.94 

1.26 

0.58 

0.29 j 

3.05 

9.93 

5.55 

4.38 

1.26 

0.93 

0.46 j 

1 

3.00 


B. Following intravenous injection of calcium gluconate (dog G — 0.5 g. Ca) 


0 

2.80 

1.80 

1.00 

1.70 



1,00 

0.1 hr. 


3.60 

1.60 

1.40 

0.35 

0.17 

1.08 

0.33 hr. 

5.65 

3.65 

2.00 

1.35 

0.45 

0.22 

1.33 


C. Following injection of parathyroid hormone (dog G — 500 units) 


0 

3.05 

1.60 

1.45 

2.77 

0.24 

0.12 

1.08 

6.5 hr. 

3.83 

1.83 

2.00 

1.80 

0.32 

0.16 

1.52 

28 hr. 

4.65 

2.73 

1.92 

2.22 

0.30 

0.15 

1.77 


D. Following administration of viosterol (dog J— 500,000 units) 


RBI 

2.70 

1.46 

1.24 

1.43 





3.17 

1.67 

1.50 

2.05 

0.17 

0.08 


■EISS 

4.30 

2.10 

2.20 

2.00 

0.47 

0.24 


ISi 

4.00 i 

2.12 

1.88 

1.71 

0.37 

0.18 



* Analytical values are expressed in millimoles per liter of serum. 


be produced by injection of calcium salts, of massive doses of parathyroid 
extract, or of irradiated ergosterol. Colloidal calcium phosphate is also 
formed in conditions with hyperphosphatemia, but here a much greater 
increase in the product of the calcium-ion and phosphate-ion concentra- 
tions is necessary. This indicates that the formation of the colloid is not 
a simple supersaturation phenomenon. 

Experiments vdiich illustrate the formation of the colloidal calcium 
phosphate are given in table 1. 


















1144 


DAVID M. ORSENBKBO AND CDAS&NCS B. LABSON 


At present there is no direct way to determine the composition of the 
colloidal calcium phosphate. An indirect method of arriving at the 
formula seems available from a combination of the conditions required by 
the calcium partition of the blood serum and the mass law dissociation of 
the calcium proteinate. 

When the blood contains colloidal calcium phosphate, the non-diffusible 
calcium consists of calcium proteinate and calciiun as colloidal phosphate. 
The calcitun in the latter form is directly proportional to the non-diffusible 
inorganic phosphorus of the serum, the proportionality factor being 
dependent upon the chemical constitution of the colloidal phosphate. 

If the calcium proteinate is calculated as the difference between non- 
diffusible calcium and colloidal phosphate calcium, assuming the formulas 
probable for the composition of this substance, the one which yields values 
of calcium proteinate that give a straight line when TPr/CaPr is plotted 
against l/CaD"** furnishes the probable composition of the colloidal calcium 
phosphate. Treatment of the experimental data of the present work in 
this manner yielded the formula Cas(P 04 )s for the composition of the col- 
loidal calcium phosphate. This is illustrated in table 1. 

Dissociation of calcium proteinate 

By in vivo and in vitro augmentation of the calcium of the blood serum, 
data were obtained from a large number of experiments which, after cor- 
recting for the presence of colloidal calcium phosphate, could be treated 
statistically to determine the correlation between calcium and protein. 
A plot of TPr/CaPr against l/C&o^ seemed to indicate that the best fit 
of the points was obtained by a straight line, as would be expected from 
the relationships given by equations 5 and 9. This is shown in figure 1. 
A statistical evaluation of the correlation between these variables 3delded 
the highly significant result: ri.j = 0.728 ± 0.034. 

From the statistical treatment of the experimental data, the following 
numerical representations of equations 5 and 9 were obtained : 


TPr 

CaPr 


=* 0.4035 -H 



(14) 


when the concentrations are expressed in milligrams of calcium and grams 
of protein per 100 ml. of serum. When the variables are expressed in con- 
centrations of moles per liter, the equation becomes 


[PrJ _ , , 3.60 X 10"* 
tCaPr] [Ca£1 


(16) 


In equation 14, derived from the data plotted in figure 1, the value 
0.4036 is the constant 1/A of equation 10. From this it follows that the 
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maximum calcium-combining power per gram of serum protein is 2.48 mg. 
or 0.062 millimole. By the method of treatment employed in this work, 
the conversion factor for reducing grams of protein to millimoles of protein 
has been directly determined from the results obtained from experiments 
performed under conditions which approximate the natural state of the 
proteins and calcium in the animal body. Equation 15 shows that the 
dissociation constant of the calcium proteinate, Kctipti == 3.60 X 10~*, or 
= 2.44. 

McLean and Hastings and their associates assumed that the calcium- 
combining value of the serum protein was equivalent to its alkali-combining 



Fio. 1. The method of plotting the calcium partition data of blood sera augmented 
with calcium in order to determine the calcium-combining capacity of the serum 
protein and the dissociation constant of the calcium protein compound. The outer 
scales represent concentrations in millimoles per liter and the inner scales milligrams 
per 100 ml. of serum. 

capacity and used the conversion factor derived from the titration curves 
of the serum proteins carried out by Van Slyke, Hastings, Hiller, and 
Sendroy (23). From the titration values at pH 7.35 they obtained 0.1215 
as the conversion factor from grams to millimoles of protein. Since 0.1215 
is approximately twice the calcium conversion factor of 0.0622, obtained 
by us, the inference exists that only half as many calcium ions as OH*" ions 
are capable of uniting with the protein at this pH. Using the conversion 
factor from the titration data, McLean and Hastings obtained the value 
for the dissociation of the calcium proteinate of p/TcaPr = 2,22. If their 

* pK ^ the negative logarithm of the dissociation constant. 
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results are recalculated on the basis of the conversicm factor obtained in 
this work, the dissociation constant becomes pKcwr 2.63. 

Becaqse of the discrepancy between the results of the two investigations, 
it was desirable to check the results with other available data. Such a 
check (calculation of pKctpt) cen be derived from the summary of the 
aveiRge normal calcium partition compiled by Schmidt and Greenberg. 
From this compilation (21, pages 332 and 333), there are obtained the 
values of pKc^ — 2.46 for human blood serum, and pKc^r * 2.30 for 
dog blood serum. 

The constants obtained from the different sources have been tabulated 
in table 2, for ready comparison. 

The magnitude of the dissociation constant for the calcium proteinate 
of blood serum from the various sources (table 2) agrees only in the order 
of magnitude of the values. Recent attempts to apply the dissociation 
equation to the calcium partition in the blood in pathological conditions 
and to species other than man have met with but qualitative success 


TABLE 2 

Calcium proteinate dieeociation constants 



i 

TALTTB OP 

IfC UBAK AirO 
BAHTIKOS 
(16) 

MCUBAM AHD 
BABnHO# DATA, 
VMXfo mw 
pRomir 
COWVSBttON 
PACTOB 

VALUB PBOM 
PBBBBNT WOBK 

AYBBAOB OP SBBUII CADCIDM 
PABnTfOir 

Huaum aerum 

Dogaarum 

Kci^Pr 

6.03 X 10“* 
2.22 

2.30 X 10-‘ 
2.64 

8.60 X 10-* 
2.44 

3.67 X 10-» 
2.46 

4.96 X 10-» 
2.30 

pJ^CaPr 



(1, 7, 19, 20). The probable explanation for this is that the nature of the 
competent proteins of the serum, and, as a consequence, the calcium- 
combining capacity of the serum protein, is more variable than has been 
assumed in this work. The complex and heterogeneous nature of the 
protein of the blood serum has been emphasized by recent investigations 
(8, 10, 22), and the evidence indicates that both albumin and globulin are 
a mixture of lidtile proteins. 

Relative calciumrcombining power of albumin and globuMn 

The combining relation between calcium and the different protein 
fractions has been incompletely studied. The previous work has been 
carried out by isolating the protein fractions (4, 13, 14, 16) in order to 
study the calcium-combining relations of the individual protein com- 
ponents. This involves the danger that the proteins may beciune de- 
natured and thus altered in their calcium-combining capacity during the 
course of their isolation. Plasmapheresis offers a good means pf altering 
not only tlm total protein content but also the ratio between the albumin 
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and globulin of the blood serum, from the values in normal serum of 
between 1.5 to 2.5 parts of albumin to 1 part of globulin. Shifts in the 
ratio of the scrum proteins are found in many pathological conditions and 
also can be produced by a variety of experimental measures. In the 
present work an estimate has been made of the total albumin and globulin 
calcium-combining capacity under conditions as they occur in the animal 
organism through a statistical analysis of the results of the alterations in 
the calcium partition produced by the plasmapheresis. 

The degree of correlation between calcium proteinate and total protein 
is of interest as a test of the dependence of the serum calcium upon the 
protein level, since, if our theories are correct, there should be an increase 
in the non-diffusible calcium with increasing protein concentration. The 



Fio. 2. Correlation diagram of serum protein against non-diffusible calcium 
.from the results of plasmapheresis experiments with dogs. 

data from the plasmapheresis experiments yielded the value of n,} 
0.710 -b 0.035 for the calcium correlation between proteinate and total 
serum protein. The correlation diagram for the data is plotted in figure 2. 
The high correlation obtained is valuable supplementary evidence for the 
theory of the combination of calcium with protein in biological fluids. 

Since all experiments up to the present on the relative calcium-combining 
power of the albumin and globulin fractions of serum have been carried 
out under conditions wfiich probably involve denaturation, it has been 
uncertain how much significance can be attached to the results. In order 
to throw some light on the relative importance of the albumin and globulin 
to the caldum-combining power of blood serum, correlations were calcu- 
lated between the non-diffusible calcium and the albumin and globulin 
content. It has been assumed in the past that the albumin combines with 
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more calcium per gram and also, ranee albumin is present in greater 
quantity, it would naturally be expected that the correlation between 
albumin and CaPr would be greater than that between globulin and 
CaPr. The correlations obtained, n,* = 0.612 ± 0.045 between albumin 
and CaPr, as against ri.* = 0.328 ± 0.063 between globulin and CaPr, 
bear out this prediction. As would be expected, the correlation between 
CaPr and albumin is lower than the correlation between CaPr and total 
protein, owing to the fact that the globulin also combines with an appre- 
ciable amount of calcium. Also, since the globulin is less important than 
the ^bumin in combining with the protein, the lower correlation obtained 
for it is comprehensible. 

In an effort to determine the exact calcium-combining capacity of each 
of the protein fractions, the data from the plasmapheresis experiments 
were examined to see if a quantitative relationship could be derived. 
Assuming that, in serum, part of the non-diffusible calcium is bound to the 
albumin and part to the globulin, the following algebraic expression can 
be set up: 

Ax + Gy = CaPr (16) 

where A = the albumin concentration in grams -per 100 ml., x is the cal- 
cium-combining power per gram of albumin, G = the globulin concentra- 
tion in grams per 100 ml., and y is the calcium-binding power per gram 
of globulin. 

Since A, G, and CaPr can be determined analytically, x and y are the 
only unknowns. By varying experimentally the ratios of albumin to 
globulin, we can obtain values to substitute in the simultaneous equations 
which render them capable of solution. 

In the plasmapheresis experiments, by removing the plasma proteins 
and following their regeneration, there are obtained different ratios of 
albumin to globulin, and with these data it was possible to evaluate the 
equations according to the following scheme : 

^low ratio “I" ^low ratio “ CaPriow ratio (17) 

■d-high ratio “I" ^high ratio ~ CaPrhigh nitio (18) 

From ei^ty-two such ratios there were obtained the numerical equations: 

122.6X -I- 53.39y = 163.43; 122.48x + 93.10y = 174.41 (19) 

The solution yielded the values x = 0.916 and y *= 0.772. 

Therefore, from this derivation, it is deduced that 1 g. of albumin can 
combine with 0.916 mg. or 0.229 millimole of calcium, and that 1 g. of 
^obulin can comldne with 0.772 mg. or 0.0193 millimole of calcium at a 
normal level of diffusible serum calcium. It must be emphaitiaMid that 
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these figures apply only to the normal calcium levels found in blood, and 
do not represent the maximum calcium-combining capacities of the 
protein. 

The importance of these results lies in the common use of the total 
serum protein to calculate the ionization of the calcium of the blood 
serum, without regard to alterations in the ratio of albumin to globulin. 
The data obtained show that the albumin and globuljn calcium-combining 
capacities are sufficiently close together so that presumably the total 
protein can ordinarily be used safely to calculate the calcium ionization to 
a first approximation. However, evidence exists that in certain patho- 
logical conditions the serum protein make up may be so altered as to 3 nield 
extremely erroneous results (7). 

SUMMARY 

1. A study has been made of the calcium partition 6f the blood serum by 
means of ultrafiltration, in which calcium was varied by injection of 
calcium salts, of parathyroid hormone, and of large doses of vitamin D. 
Variation in the serum protein has been produced by plasmapheresis. 

2. Evidence is offered for the formation of a colloidal form of calcium 
phosphate in serum when there is an increase in the product of the con- 
centrations of calcium and phosphate ions. The substance is probably a 
colloidal form of Ca 3 (P 04 ) 2 . 

3. A linear equation based on the law of mass action governing the 
relations bc'twee'n calcium and total serum protein has been derived. From 
the application of this equation to the experimental data, the dissociation 
constant of the calcium proteinate and the maximum calcium-combining 
power of the protein of the serum have been evaluated. 

4. The technic of plasmapheresis has been used to obtain data from 
which the calcium-combining power of albumin and globulin was derived 
for noimal blood calcium levels. 
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A PRACTICAL MODEL OF THE ANIMAL CELL MEMBRANES* 
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Animal cell walls as living membranes permit the passage of water- 
soluble or fat-soluble substances to nourish the cell. This perplexing, yet 
essential, behavior has been explained by a number of theories, but no 
satisfactory working models have been offered to the biologist. 

Osterhout (4) in a condensed statement wrote, “It 'had been suggested 
by Quincke that the outer layer of the cell consists of a film of oil: Overton 
came to a similar conclusion, substituting for ‘oil’ the term ‘lipoid’, which 
includes such substances as lecithin and cholesterin.” 

Kahlenberg (2) separated water-soluble substances from one another 
by dial 3 rsis through membranes of thin silk saturated with lanolin and 
through parchment bags impregnated with lanolin. He thought that 
the selective properties were due to the cholesterol in the lanolin. In 
his own words, “It would seem likely that sterols give living cells their 
wonderful selective osmotic properties.” 

Clowes (1) suggested that living membranes resembled emulsions so 
near the balance between oil-in-water and water-in-oil types as to be 
affected differently in respect to permeability by monovalent and divalent 
cations. 

Single permeability is well known with membranes of collodion formed 
by evaporation of the ether and removal of alcohol by washing with 
water or with toluene. The first is used in dialysis of water solutions, 
while the second is useful only in dialysis of toluene solutions (or “oils”), 
but neither membrane shows the double penneability of living animal 
cell membranes. 

It seemed that if some substance such as lecithin, oleic acid, or rosin 
could be incorporated in common collodion solution, the resulting mem- 
branes might offer continuous, although irregular, paths of two types of 
material for migration of both water-soluble and fat-soluble substances. 

Lecitiiin dissolved readily in common collodion solution, but a 1 per 
cent sdiution was selected from a number of concentrations tried. After 
allowing the ether compon«at to evaporate and washing out the alcohol 

* Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
Califomia, July 6-S, 1080. 
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with water, the resulting bag (ahnost transparent) was filled with water 
containing about 1 per cent sodium chloride and was hung in a vessel 
of water containii^ a slight amount of silver nitrate as indicator. In 4 
sec. an initial opalescence or cloudiness appeared in the outer solution. 
The membrane was therefore permeable to water solutions. 

Another collodion-lecithin bag filled with toluene (to represent lipid 
solvents) which had been dyed red with Sudan III was hung in a vessel 
of colorless toluene. In 1.5 min. the red solution appeared in the outer 
liqtud. Evidently the same membrane was permeable to water solutions 
and to toluene solutions. 

A 16 per cent solution of a fat (cottonseed oil) in toluene was dialyzed 
against pure toluene while samples of the dialysate were frequently with- 
drawn for fat spot tests on paper. In 15 min. appreciable amounts of fat 
had gone through the collo^on-lecithin membrane. 

Next, a similar bag containing an emulsion of fat (dyed red) in water, 
with sodium oleate as emulsifying agent, was hung in a beaker containing 
a layer of toluene resting on a layer of water. Within 3 sec. some sodium 
chloride in the water of the emulsion passed through the membrane and 
formed faint opalescence with a trace of silver nitrate in the outer water 
layer. At the same time red drops of fat passed through and dissolved 
in the colorless toluene layer. Incredible as it seems, red drops also 
formed on the areas of the membrane immersed in water. These drops, 
seen after 5 sec., often coalesced and rose into the upper toluene layer. 
Evidently the emulsion film of sodium oleate broke on contact with the 
collodion— lecithin membrane. With gelatin as emulsifying agent no 
oil passed through. 

This emulsion procedure described above was reversed by using a 
water-in-oil emulsion prepared by dispersing water in a solution of gum 
dammar in toluene. The water was dyed with fluorescein and the toluene 
with Sudan III. When a sac filled with this emulsion was hung in toluene, 
drops of colored water appeared on the outside of the sac. 

Other substances were used successfully in place of lecithin. Oleic 
acid, stearic acid, rosin, cholesterol, and a 5:1 mixture of lecithin and 
cholesterol (to simulate their natural occurrence in n-nimnl cells) gave 
collodion membranes double permeability, although there was some 
variation in the speed of diffusion. As a rule 1 per cent solutions were 
most satisfactory, although a 1.6 per cent solution of lecithin was used 
to advantage. 

It IS noteworthy that soaking a collodion-oleic acid membrane in 
toluene for 18 hr. to replace the oleic acid with toluene decreases the 
permeability to water considerably, although permeability to toluene 
remains high. 
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PerV&^^&iion (3) through an ordinary collodion sac containing 78 
g. of water, heated only by sununer sunshine, showed a loss of 15 per cent 
in 2 hr. A membrane prepared from collodion, containing 1 per cent of 
lecithin, permitted a 9 per cent loss of water. Pervaporation of toluene 
through a collodion membrane, prepared by washing out the alcohol 
with toluene, permitted a 35 per cent loss of toluene in 2 hr., while the 
usual collodion-lecithin membrane permitted a toluene loss of 28 per cent. 
Variations in intensity of sunshine doubtless caused some error in these 
results but do not change the fact of remarkable double permeability. 
Pervaporation can be used as a simple test for membrane quality. 

STJMMARY 

1. A working model of animal cell membranes of double permeability 
can be prepared quickly and simply. 

2. A membrane permeable to water-soluble and also to fat (or lipoid)- 
soluble substances is made by dissolving lecithin (1 per cent) in common 
collodion solutions of cellulose nitrate, evaporating the ether as the fluid 
is swirled in a beaker or flask, and washing out the alcohol with water. 

3. The addition to collodion solutions of 1 per cent of oleic acid, stearic 
acid, cholesterol, a 5:1 mixture of lecithin and cholesterol, rosin, and 
similar substances also permits formation of good membranes of double 
permeability. 

4. When a collodion-lecithin sac containing an emulsion of toluene 
(dyed red with Sudan III) in water containing sodium oleate as emul- 
sifying agent is hung in a beaker of water, red drops of toluene form on 
the outside of the sac. 

5. Collodion-lecithin sacs filled with water and hung in warm sunshine 
lose water rapidly by pervaporation. Similar sacs filled with toluene lose 
toluene rapidly, showing double permeability. 

6. Collodion-lecithin membranes are more slowly permeable to solu- 
tions of fats in toluene. 

Credit is due W. Alexander, J. Gofman, and D. Adams for laboratory 
assistance in this research. 
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I. INTBODUCnON 

The widespread use of the glass membrane electrode for the comparison- 
of hydrogen-ion activities has caused some attention to be devoted to the 
determination of other cations. It has been shown that the glass mem- 
brane electrode itself responds both to hydrogen and to other cations when 
the concentration of these is sufficiently high (3). Variations in the com- 
position of the glass are known to be important in this connection (8). 
However, the detculed properties of glass membranes showing sensitivity 
to various cations have been but little investigated. 

The possibility that insoluble minerals containing calcium might act as 
selective membranes, thus enabling calcium-ion activities to be compared, 
was suggested by Tendeloo (9), but his membranes gave much smaller 
potentials than would be expected theoretically. As was pointed out by 
Anderson (1), these are probably to be regarded as crack electrodes. The 
reply of Tendeloo (10), however, still leaves the true status of these elec- 
trodes an open question. 

The investigationB of Michaelis and his pupils on the properties of dried 
collodion membranes (7, 12) clearly demonstrated that within the mem- 
brane the apparent transport of electricity by the anion almost disap- 
peared at low concentrations, so that a comparison of the cationic activities 
became feasible. All monovalent cations, independently of the anion with 
which they were combined, behaved in this way. The divalent and tri- 
valent cations, for some as yet unexplained reason, did not give regular 
potential differences, and apparently only the hydrogen ions present could 
be measured in such solutions. An important characteristic of these dried 
collodion membranes was the fact that as the concentration of the mono- 
valent cations increased, the potential difference for a given concentration 
ratio decreased. This decrease was much larger than that which would be 

* Fresanted at the Sucteenyi Colloid Symposium, held at Stanford University, 
California, July 6-8, 1989. 

* Contribution from the Department of Soils of the Missouri Agrieultural Experi- 
ment Station, Journal Series No. 616. 
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antieipated frcsm the ionic activities. It is known as the ‘‘concentration 
effect.” 

More recently, the question of membrane potentials has been theo- 
reticiJly investigated by Teorell (11) and by Meyer and Sievers (4, 6, 6). 
In these studies the membrane has been regarded as permeable to anions, 
cations, and solvent molecules. The charge on the membrane framework 
is taken into consideration in evaluating two Donnan potentials, one on 
eadbi surface. In addition there is a liquid junction potential within 
the membrane. We thus have three possible membrane types, as listed 
below. 

(1) The membrane is uncharged and merely assists the formation of a 
normal liquid jimction by preventing convection. The ordinary liquid 
junction formula applies, and complicated cases can be calculated by the 
Henderson or Planck formulae. 

(£) The membrane acts in some way as an ionic sieve, preventing either 
anions or cations from passing through. We are here concerned with the 
case in which anions are held back. This could conceivably occur by 
mechanical restriction, since metallic cations arc smaller than all anions 
except OH“ and F~. The equation for the membrane potential would then 
be similar to that used for hydrogen with the glass electrode. The glass 
electrode represents the extreme case of impermeability to all anions 
except perhaps OH“, and great restriction on all cations except H+. 

However, the experimental realization of a membrane exercising com- 
plete restraint on all anions, yet permeable to all cations, seems impossible. 
If the membrane is sufficiently porous so that it can conduct by the 
movement of various cations, then water molecules are also likely to 
penetrate it; that is, we shall be dealing with a hydrated membrane. But 
the presence of water molecules involves the H+ OH“ H*0 equi- 
librium; hence some mobile anions are present within the membrane. 
But if hydroxide ions within the membrane can transport electricity, then 
other anions outside may also participate indirectly, by interchange at 
the surface. 

Thus in any hydrated membrane we must expect some conductance due 
to anion movement, but in favorable cases this may be sufficiently small 
to be ne(dected. In alkaline solutions, however, it is likely to be im- 
portant. 

(3) The case considered by Teorell and by Meyer involves only the kind 
ct restraint on ionic movement which the membrane can exert by virtue 

its electric charge. Thus it is entirely possible to have this effect 
superimposed upon the simple sieve action considered under (3), »>«d we 
shall see that the cationic membranes used here have such an intermediate 
duumetmr. In the equation given by Meyer and Sievers (4, 5, 6) and by 
Teorell (11) the relative mobilities of the anions and catums within the 
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membrane are generally assumed to be different from those in the pure 
solvent and the ratio UtIUjt for a pair of ions having equal mobilities in 
water gives a measure of the restrictive or sieve action of the membrane. 
In the absence of such sieve action the potential difference across the 
membrane is determined by the following factors: the charge on the mem- 
brane expressed as an ionic activity and denoted by A, the relative mo- 
bilities of anion (Ua) and cation ({/«) in water, and the concentrations on 
the two sides of the membrane, Ci and C*. 

The equation for the case of a membrane whose charge is balanced by 
monovalent cations of the same kind as those in the two solutions (the 
anions of which are also monovalent) is as follows: 



+ l +u 

it; In ' * 

1 /f + l+C' 



We now choost) a suitable fixed ratio of concentrations such as CitC* = 
1:10, so that E becomes simply a function of U and of Ci/A. A family 
of curves can now be plotted by assigning arbitrary values to UJUa and 
expressing F as a function of A/Ci or, more conveniently, of log A/Ci 
(figure 1). A corresponding experimental curv'e gives F as a function of 
—log Cl, that is, a curve which could only coincide with one of the theo- 
retical family of curves when A = 1. However, the shape of the curve 
will be determined (for a given ratio Ci/Ct) by Uc/Ua and not by Ci, so 
that in order to measure log A it is only necessary to determine how far the 
experimental curve must be moved along the abscissa in order to be brought 
into coincidence with one of the theoretical family of curves. The curve 
whose shape is identical with the experimental curve then defines U c/U a- 
The experimental curve therefore can be used to measure the effective 
charge A on tlie membrane and also the ratio Uc/Ua, which by comparison 
with the corresponding values for water gives a measure of the sieve action 
of the membrane. Experiments with salts having anions and cations of 
equal mobility in water, such as potassium chloride, indicate directly the 
magnitude of the sieve action. 
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ass 

Li <Hider, to use for cation detenninations a membrane wbioh 

fdlowB the gen^ial theoiy of Meyer and Sievers and of Teorell, it is neces- 
sary to find materials having eiiher a well-marked sieve action or else a 
hi|^ charge per unit volume. At the time, however, when this work 
was started, it was not realised that any such comprehensive theory was 
available, and attention was focuiKed on the sieve action alone. The 



Fig. 1. Family of ourves obtained by plotting potentials against log in which 
^ is constant and V, and Ua. are varied; ourves 8 and 4, results with i^phyllite. 

crystalline seolites were chosen as promising well in this respect. Han- 
gaard (2) has also pointed out the possibility of using base-exchange 
minerals. 

n. EXPEBIMIBNTAL 
(a) Choice of materidU 

Few (rf the seolites occur in crystals from which it is posable to grmd 
plates free frmn cracks. A survey of the posnbilities was much faofiitated 
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by specimens from the Ashcroft Collection of the British Museum. The 
author is deeply indebted to Dr. M. H. Hey for his help in this matter. 
Chabazite and the closely related gmelinite were foimd to occur in some 
localities as small clear crystals, the best material having the habit of 
gmelinite. Plates up to about 4 mm. in diameter were prepared by 
grinding at right angles to the hexagonal axis. No other true zeolites 
were found suitable. Heulandite, which at first sight appears promising, 
since it occurs in large crystals with a good basal cleavage, is generally 
permeated with fine cracks. 

Among the zeolite-like minerals which show some base-exchange 
properties, apophyllite has proved to be an excellent choice. Clear crys- 
tals can be obtained, and the basal cleavage is so good that several plates 
can be made from one perfect crystal. Such plates have ranged up to 
12 mm. in diameter. 


(6) PreparcUion of electrodes 

The crystal or cleavage plate is ground down on a glass plate using 
grade FFF carborundum until about 1 mm. thick. It is then mounted in 
water or glycerol and examined microscopically for cracks. If satisfactory, 
it is ground further to about 0.5 mm. From here onwards the finest 
emery is used, fractionated in alcohol so as to include only particles < 10 
Depending on the area of the plate, the final grinding is carried down to 
0. 1-0.3 mm. The plate is then mounted with deKhotinsky cement or 
Picein on the ground end of a glass tube. This is done very carefully 
over a small, steady flame. The crystal edges are finally coated while hot 
with the insulating cement. The membrane is then soaked for 3 to 10 days 
in a dilute salt solution, the choice depending on the experiments to be 
made subsequently. When measurements become possible, a standard 
solution of the chloride of the cation concerned is used inside the glass tube, 
along with a silver chloride electrode. The membrane dips into a beaker 
contcuning the second solution and a saturated calomel electrode. 

(c) Apparatue and technique 

A Leeds and Northrup thermionic amplifier* was used in conjunction with 
a student type potentiometer calibrated to 0.1 mUlivolt. This apparatus 
gave good measurements with resistances up to 10* megohms. 

The resistance of the membrane falls during the soaking period, and 
reproducible potentials are established mily for values less than 1000 
megohms. The ai^mmetiy potential at first is often very high and it 

* The autiior is grateful to Dr. Wm. J. Robbins and Mr. F. Kavansgh for the 
fseilities made available in the Department of Botany, where the earliest experi- 
ments were carried out by means of an amplifier built by Mr. Kavanagh. The 
Leeds and Northrup amidifier was purchased by a grant from the Vniverrity of 
hOasouri Bsseareh Oouaeit. 
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attains a constant low value only some days after measurements are first 
possible. The resistance falls suddenly when cracks develop in the crystal 
or cement. Neither deKhotinsky cement nor Picein is wholly satis- 
factory; the former is eventually attacked by water, and the l|ttter is prone 
to crack. Carefully prepared electrodes can sometimes bis used for 2 
months without recementing. Control experiments indicated that the 
current was not being carried along minute cracks between the cement and 
the crystal or the glass tube. Membranes sometimes show unsuspected 
cracks which extend only part way through the plate. These cause a slow 
attainment of equilibrium on changing the concentration of the outer or 
inner solution. With a good membrane, equilibrium is established quickly, 
except when the cation exchange between crystal and solution causes 
disturbances. This can be avoided by soaking. 


TABLE 1 

Potential differencea with chabazile membranes 


INXBB SOLUTION 

j\r N 

10,000 ” 1000 

y 

1000 " 100 

N N 
lOO^lO 


millwolts 

mUlitdltt 

milHvolU 

iV/lO KCl 


40.6 

49.4 

N/lOO B&Ch 


24.0 

24.4 

ilf/lOO CaCl, 


28.7 

22.1 

N/10 LiCl 


8.3 

41.8 

N/10 KCl 


39.3 

48.9 

N/lOO KCl 

19.6 

41.9 

47.6 

i\r/1000 HCl 

66.3 

49.6 


N/lOO KCl 

38.1 

61.3 

51.3 

iNT/lOO CaCU 

1 23.2 

21.8 


N/lOO (triton B)C1 

17.6 

27.6 

32.7 


In making the measurements, after two or three orientation settings, 
the outer solution was replaced by fresh, and three more readings were 
taken. In the absence of drift the mean of these was adoptpd; otherwise 
the process was repeated until constancy was attained. The potential 
using the same solution inside and outside was taken as the zero; during 
a series of measur^ents the inner solution was kept constant and the 
outer solution varied in ^tcps of 10 or 1/10. The potentials reported are 
the differences between these values and the zero value. 

4 

III. RESULTS WITH CHABAZITB, (Ca,Na4)Al*Si40«-6Hi0 

Table 1 gives two series of results with chabazite membranes. The 
values are corrected to 25"C. in this and all other tti.bles. The experiments 
are reported in the order in which they were carried out. 
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The results clearly indicate that chabazite membranes do not follow 
the behavior predicted on the basis of Meyer's theory, according to which, 
for a given ra-tio C1/C2, the potential difference should deiirease as the con- 
centration increases. Only the divalent cations and hydrogen show this 
effect. The toonovalent cations show an increase in potential as the 
concentration increases. This might be caused in two ways: (a) by 
hydrolysis of the mineral and (b) by an endothermic exchange reaction 
between monovalent ions in the outer solution and divalent exchangeable 
ions attached to the lattice. The fact that membrane 3 gave higher 
values for potassium chloride after being in contact with hydrochloric 
acid would suggest mechanism (a). The results with triton B chloride 
(benzyltrimethylammonium chloride) show that a sieve action restricting 
cations as well as anions operates when the cation is large. Surface ionic 
exchange, however, still provides a mechanism for a reduced cation con- 
ductance. 

I 

IV. RESULTS WITH APOPHYLLITE, KF. Ca4Si8O20* 8H2O 
(a) Monovalent cations 

The earlier experiments were concerned chiefly with the reproducibility 
of results and with changes in the membranes with time. Potassium 
chloride was the most suitable electrolyte for these studies. In the case 
of apophyllite it is absolutely necessary to coat the edges of the crystal 
plate with cement, otherwise the electrode shows successively diminishing 
potential differences. This peculiarity is to be ascribed to the mica-like 
crystal structure. The slit-like channels parallel to the silicon-oxygen 
sheets contain the calcium, potassium, fluorine, and water, and they are 
much larger in dimensions than the channels which pass through the 
silicon-oxygen sheets. In the best apophyllite membranes apparently 
the conductance is at right angles to the plane of the sheets, i.e., to the 
plane of cleavage. The deterioration of these membranes with time is 
probably due to penetration of the cement by water, since recementing 
restores the original properties. Table 2 illustrates these peculiarities. 
Successive experiments are given in consecutive lines. 

Table 2 clearly shows that hydrolysis is perceptible only at very low 
concentrations. It is possible to use the iV/lOOO — j!V/ 100 and JV/100 — 
JV/IO results to determine graphically UdUx and A (see figure 1). For 
membrane 3, U^/Ua = 6.0 and A = 2.95 X 10“"*. For membrane 4, 
Uc/Ua = 11.8 and A^ == 1.78 X 10'“*. The values for UcIUa indicate a 
strong but variable sieve action. The ideal crystal structure would explain 
its strength, and departures from the ideal its variability. The low values 
for A indicate that thermodynamically only a very small fraction of the 
cations present can be regarded as dissociated. The total concentration 
of potassium in the lattice water would be about 7 N, 
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(b) DwaJent eaUons 

The theory of Meyer is applicable only to binaiy salts. For calcium 
chloride and similar salts the Dbnnan equations admit of no simple solu- 
tion. In future work it would be well to use magnesium sulfate, to which 
the theory can apply. In table 3 the main feature reviewed is the effect 
of the anion on the potential differences with different calcium salts in the 
outer solution. 

The choice of formate and acetate to compare with chloride was made 
on the basis of ionic mobilities; chloride is faster than calcium, formate 

TABLE 2 


Behavior of apophyllite membranet with monovalent cations 


StACTBODS 

KO. 

TBBATMBKT 

IHKBB BOLVTION 

N N 

10,000 ~ 1000 

-Y Y 

1000 100 

Y Y 
100 10 




miUivolh 

miltiiBotU 

miUivolU 


Edges bare 

N/m KCl 


40.4 

27.7 


Edges bare 

N/lOO KCl 


25.4 

13.7 


Edges coated 

N/m KCl 

49.4 

46.8 

41.4 


Edges coated 

N/m KCl 

50.3 

S3. 3 

41.3 


Edges coated 

N/m KCl 

53.4 

60.7 

43.5 

O ' 

Recemented 

jv/100 Ka 

■58.7 

49.2 

49.0 


Recemented 

j\r/ioo KCl 

66.7 

63.7 

60.0 


Recemented 

N/m KCl 

56.2 

66.0 

45.2 


Recemented 

N/m KCl 

54.5 

53.0 

40.5 


Recemented 

N/m KCl 

50.8 

54.6 

42.8 


Edges bare 

N/m KCl 


40.7 

23.5 


Edges coated 

i\r/ioo KCl 


51.9 

47.5 


Edges coated 

N/m KCl 

50.2 

64.7 

50.8 

A i 

Edges coated 

N/m KCl 

53.2 

54.0 

52.1 

4 * 

Edges coated 

N/m KCl 

53.0 

54.5 

61.1 


Edges coated 

N/m KCl 

55.0 

55.6 

51.3 


Edges coated 

iV/lOO NaCl 


52.6 

52.3 


Edges coated 

AT/lOO NaCl 


62.7 

51.3 


is about equal, and acetate is slower. At the higher concentrations the 
order of the potentials is chloride > formate > acetate, which is the 
reverse of what would be expected from the mobilities in water. The 
behavior may posmbly be explained by the relative ease with which the 
reaction 


anion~ + water ™ OH- + acid 

can proceed. It is assumed here that OH~ is the only mobile anion within 
the membrane. The very small potential given by calcium hydroxide 
solutions agrees also with this supposition. Separate experim^ts with 
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calcium acetate-acetic acid buffers showed that in the pH range 4 to 7 
the pH had little influence on the potential differences of N /lOO and N /lOOO 
solutions. 


V. THE MBASUBEHEKT OP UNKNOWN CATIONIC ACTIVITIES 

The possibility of using membrane electrodes for the determination of 
cationic activities in true solutions and colloidal systems turns largely on 
the influence of the anion. Since it is hardly conceivable that any mem- 

TABLE 3 


Behavior of apophyllite membranee leith divalent cations 


BLBCTBODl 

KO. 

INNKB SOLUTION 

OUTBB SOLUTION 

N N 

10,000 1000 

AT N 

1000 100 

N N 
100 10 

4 

N/m BaCl, 

Barium chloride 

miUivatB 

30.0 

miUi»oUe 

26.3 

miUivolU 

19.7 

[ 

JV/100 CaCU 

Calcium chloride 

25.4 

24.0 

19.9 

6 .. 

N/m CaCh 

Calcium formate 

21.0 

23.5 

16.7 

[ 

N/m CaCl, 

Calcilim acetate 

24.1 

23.9 

15.1 


WlOO CaCl, 

Calcium chloride 

21.2 

23.8 

22.4 

7.. . • 

iV/100 CaCl, 

Calcium formate 

25.0 

23.9 

19.7 

N/m CaCl, 

Calcium acetate 

25.8 

24.1 

16.2 

. 

N/m CaCl, 

Calcium hydroxide 


6.5 



TABLE 4 

Comparative pH values with glass and apophyllite membranes 


INMBB SOLUTION 

OUTBB SOLUTION 

pH WITS 
OLABS 
mMBBANB 

pH wrra 

APOPHTLLITB 

MBMBBANB 

N/im HCl 

N/IQO p-toluenesulfomc acid 

2.07 

2.00 

iV/1000 HCl 

iV/1000 p-toluenesulfonic acid 

3.05 

2.88 

N/im HCl 

4 per cent H agar 

2.37 

2.23 

N/im HCl 

0.4 per cent H agar 

3.16 

3.10 


brane should act as a perfect cationic sieve, calibration with known salt 
solutions appears inevitable. It is then important to know whether the 
replacement of chloride by a polyvalent colloidal anion will affect the 
relative mobilities of anion and cation within the membrane. The experi- 
ments with various calcium salts would seem to indicate that the anions 
do not directly penetrate the apophyllite membrane, that is, anion con- 
ductance occurs probably by OH“ ions. The potential difference should 
be independent of the anion, except insofar as the interchange reaction 
between anion and water may involve different energy changes. Table 3 
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would indicate that from high dilutions to jV/ 100 the differences are unim- 
portant. Thus there is a reasonable prospect of obtaining a moderate 
degree of accuracy with membranes having a high sieve action, such as 
No. 4. 

In order to test this point comparisons were made of hydrochloric acid 
and p-toluenesulfonic acid and also of hydrochloric acid and electro- 
dialyzed agar. JV/1000 and N/lOO hydrochloric acid solutions were used 
to calibrate the membrane and a glass electrode. Then comparable meas- 
urements were made, using two dilutions of p-toluenesulfonic acid (strong 
acid, large anion) and two dilutions of electrodialyzed agar (weaker acid, 
colloidal anion). Owing to the attack by strong acids on the membrane, 
these measurements had to be carried out without previous soaking. In 
table 4 the pH values derived from the glass electrode measurements and 
the membrane measurements are compared. 

The glass electrode measurements give somewhat higher values than 
apophyllite. This may perhaps arise from the attack on the mineral by 
the acid solutions. Unfortunately, it seems at present impossible to 
devise a similar check for metallic cationf such as potassium and calcium 
which would be applicable to dilute solutions, but there is a better prospect 
for silver. 

In view of the importance of cationic activity measurements in colloidal 
systems further work in this field is needed. It is unlikely that the same 
accuracy will be attained as is possible with the hydrogen electrode or that 
a membrane specific for one metallic cation only can be found. Neverthe- 
less, our ignorance of cationic activities in such an important colloidal 
system as the soil is such that even a first approximation may be very 
helpful. 
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The primary object of this investigation was to study the changes in 
the proteins of the blood serum and other related organs caused by various 
physiological conditions, and in this manner gain a better understanding 
of the nature of these proteins and of the mechanism by which they are 
stored and utilized by the body. In particular, the experiments here 
recorded study the changes in the blood serum proteins of the adult of 
one species brought about by the ingestion of colostrum from an animal 
of a different species. To study these changes salting-out and electro- 
phoretic experiments have been used. 

Famulener, Little, Smith, and others (1, 6, 9, 10) found many years 
ago that antibodies are transferred from the mother to its young by 
colostrum. The literature is well reviewed by Traum (14). Howe (2) 
and Orcutt and Howe (7) paralleled this work by observing a simul- 
taneous increase in globulins. Recently Schneider and Szathmary (8) 
confirmed earlier results with experiments on a number of different species. 
These experiments have been extended by the authors by feeding cow's 
colostrum to man and to the adult rat with a resulting increase in globulin 
concentration. 

This appreciable change in the blood serum proteins of the adult rat 
was first noted in 1936 by one of the authors during a study of the build- 
ing up of serum globulins in the newborn and adult animals. It was 
evident when a comparison was made of the salting-out curves made 
from blood serum of adult rats fed a normal stock diet and from the serum 
of adult rats fed colostrum. The curve obtained from the serum of the 
latter showed a protein fraction which was not visible in the former. 

The procedure used in these experiments has been fully described in a 
previous communication (3). To weighed portions of the serum dialyzed 
against a 5 per cent potassium citrate solution at pH 6.8, dry potassium 

* Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1989. 
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citrate was added to make the desired salt concentration. The pH was 
maintained by added citric acid. The precipitated protein was separated 
on filters, and the liquid phase was analysed for protein and potassium. 
All analyses were made on weighed samples. Processes were carried out 
as rigidly as possible at O’C. 

Figure 1 shows the curve from nonnal rat serum. The results were 
plotted as per cent by weight on Gibbs’ triangular phase rule diagrams. 
Protein dried at llO^C., potassium citrate, and water are to be found at 
the apices of the triangles. Only a portion of the diagram is given, as 
may be seen from the percentages along its sides. The heavy line rep- 



Fia. 1. Bat aerum; stock diet. X, total composition; O, liquid phase; A, liquid 

phase 

resents the analyses of the liquid phases in contact with the solid phases. 
A is considered the first fraction to appear as a solid phase on adding 
potassium citrate; B is precipitated on further addition, coming down 
in a very narrow range of salt concentration; and C is precipitated gradu- 
ally as the salt concentration becomes higher. Finally the albumin 
fraction, appears. 

In figure 1, the O’s, and A’s are experimental points on a line separating 
the liquid phase from the heterogeneous mixture. They were obtained 
from two different pools of blood serum, each from thirty stock male 
rats, 100 days old. They coincide. There are four fractions, as shown 
by the dianges in direction of the curve with incieanng amounts of 
potassium mtrate. 
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In figure 2, also from serum of thirty male rats, 100 days old but colos- 
trum-fed for 2 days, an extra change pf direction occurs, showing the 
separation of another solid phase, Ct. 

Other proteins, such as casein, serum albumin, serum globulin, liver, 
and kidney, did not have this effect. After a 70 per cent protein diet of 
any of the above mentioned proteins is fed for 2 days, curves of the type 
found in figure 3 are found. This curve is made after feeding serum 
globulin.* The C 2 is missing or so small as to be negligible. Feeding of 
the dried colostrum* for 2 days gave a curve in which C* is high but not 
as greatly increased as in the serum where fresh colostrum was used 



Fio. 2. Rat serum; diet of fresh cow's colostrum and milk for 2 da3rs. X, total 

composition; O, liquid phase 

After 7 days’ feeding of dried colostrum the presence of the unusual frac- 
tion is proportionately less and is somewhat masked by the great increase 
of Cl. Figure 4 is made from such serum. This curve may be compared 
with those made from the serum of rats on other high-protein diets for 
the same length of time. In figure 5 the results are given after feeding a 
globulin diet for 7 days. The Ct phase is still not very visible. 

Electrophoretic study of the serum proteins, in serum both from stock 
rats and from those fed colostrum, was carried out in the Tiselius ap- 

* Horse serum globulin was separated by half-saturation with ammonium sulfate, 
denatured, dried, and washed. 

* The colostrum was spray-dried without preheating. 
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POTASSIUM CITRATE 

Fig. 3. Rat serum; diet of serum globulin for 2 days. X, total composition; O, 

liquid phase 



Fig. 4. Rat serum; diet of dried cow’s colostrum for 7 days. X| total composition; 

O, liquid phase 
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paratus (11), using buffers 0.02 M in phosphate and 0.15 M in sodium 
chloride. Several pH values were used for the normal serum, but since 
it was found that the separation of the globulins is very satisfactory at a 
pH of 6.2, this value was used extensively. A potential gradient of 4.4 
volts per centimeter was used in these experiments, since we had found 
that a higher voltage produces an increased number of protein fractions. 
This is probably due to the breaking of loose protein complexes by the 
application of a sufficiently high potential gradient (5). 

The electrophoretic diagram for normal rat serum has been given by 
the authors in a previous article (5). In this communication it was 



Fia. 5. Rat serum; diet of serum globulin for 7 days. X, total composition; O 

liquid phase 

reported that normal rat serum yields only three protein fractions, — an 
albumin and two globulins that were identified with the a- and ^-fractions 
found by Tiselius and coworkers in horse serum. Further investigation 
has shown that a third globulin fraction is present in the rat serum, and 
that its concentration is normally so low that the Schlieren band corre- 
sponding to this globulin is visible only when undiluted serum is used, and 
then only faintly. Thus, when the serum is diluted with buffer, as it 
usually is for electrophoretic determinations, this fraction seems to be 
absent. The globulin that occurs at low concentration corresponds to 
the o-fraction described by Tiselius, so that the two fractions previously 
reported as a and are found to correspond to Tiselius’ fi and y. 
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The serum ficou colostrum-fed rats e^ows the line conesponding to tlie 
Cf^bulin quite strongly, even in serum diluted 1 to 3 with buffer. This 
protein becomes a con«derable portion of the total glob\ilins after 24 hr. 
of feeding colostrum. This is, then, one of the changes that occur in 
rat serum, owing to the ingestion of colostrum. The increase in the con- 
centration of one of the naturally occurring blood serum proteins is 
amilarly found to occur in man. Eighty grams of dried colostrum, 
ingested during 2 days, noticeably increases the concentration of a- 
g^obulin in hxunan serum. Figure 6 shows reproductions of electrophoretic 
diagrams, illustrating this effect in rat serum (diluted 1 to 3 with buffer) 
and human serum (diluted 1 to 4). 

Tiselius (12) has found that the best source of the a-globulin in horse 
serum is the pseudoglobulin in which the 7 -fraction also appears. This is 
comparable to the C-fraction of the salting-out curves. If this is also 
true for rat serum, and there are indications that it is, then the a-fraction 
may be the same fraction as the Cj visible in the salting-out curves afte 




Fici. 6. (a) Electrophoretic diagrams showing increase in a-fraction. A and B> 
rat serum before and after ingestion of colostrum; C and D, human serum, (b) 
Electrophoretic diagrams showing division of the ^-fraction. A and B, rat serum ; 
C and D, human serum. 


2 days of feeding colostrum. Tiselius’ jS-fraction probably corresponds 
to our 4 ~Ii'action. 

A second and subsequent effect is the division of the 7 -fraction or the 
appearance of a new protein fraction that has almost the same mobility 
as the 7 -fraction in normal serum. The effect is somewhat similar to 
that obtained with immune sera. In immune horse serum, Tiselius and 
Kabat (13) found the 7 -fraction to occur in two parts of rather different 
moUlities, so that a good separation of these two fractions was obtained. 
In the serum of colostnun-fed rats, the mobilities are more nearly the same; 
tlnis the separation becomes more difficult. At pH 7.0 the two fractions 
can not be sepftrated, and the apparent effect is the increase in the con- 
c^tration of the 7 -globulin. In immime rabbit serum, this concentration 
change appears to.be Hie only effect, since no pH value could be found at 
whicl^ the 7 nfraction could be separated. Our eiqieriments on immune 
rablnt serum confirmed in this respect the observations of Kabat. The 
immune rabbit serum was obtained from Dr. S. Raffel of the Department 
of Bacteridogy ci Stanford Umvernty. 
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Since it seemed advisable to compare the effect produced by the colos- 
trum diet with any effect that immunization would have on the rat 
serum, the electrophoretic diagrams of serum of rats that had been made 
highly iimmme to Proteus vrdgaris and to sheep red cells were obtained 
through the codperation of Dr. S. Raffel. In each case a similar division 
of the fraction was observed. As has been shown above, the two main 
effects on the serum protein content caused by the ingestion of colostr u m 
are the increase in the concentration of the a-fraction and the division of 
the 7 -globulin. To determine which of these two effects is the one more 
directly connected with the presence of agglutinins in the rat serum, 
samples of serum rendered highly immune by infections of killed bacteria 
and sheep’s erythrocytes were fractionated by electrophoresis, and each 
fraction titrated for agglutinin contents. In this manner it was found 
that the more rapidly moving part of the 7 -fraction has the highest titer 
per gram of protein present. In no instance was the separation of the 
protein fractions absolutely complete, so that no samples containing 
a single protein fraction were titrated. 

It should be possible to determine whether the 7 -fraction is split or a 
new fraction has appeared by a more complete study of the mobilities. 
A pH will have to be found at which greater mobility and consequently 
more accuracy can be obtained in the study of the original 7 -fraction and 
the two subsequent 7 -fractions. 

The idea occurred to the authors that the new fraction might have 
some relation to the antibodies, in view of the work of Famulener and 
others on antibodies in the newborn, Howe’s and our own (4) on the 
increase in globulins in the newborn, — changes directly traceable to the 
ingestion of colostrum, — ^as well as the similarity of electrophoretic dia- 
grams of immune sera and sera after the ingestion of colostrum. Experi- 
ments are still in progress to determine this point. In five cases agglutinins 
to BruceUa have been found in adult rat serum in a dilution of 1 to 8 
and less after feeding colostrum having a low antibody titre. The controls 
in each case were negative in all dilutions. In one case where the colos- 
trum had a high titre to BruceUa no agglutinins were found in that 
serum after its ingestion. Previously, sera of the newborn had been 
tested in dilutions of 1 to 10 or 1 to 20 and above. Since the mechanism 
of the process is doubtful, no explanation can be offered at present. 

CONCLUSIONS 

Changes in rat and human serum take place after feeding cow’s colos- 
trum. The <x-fraction is greatly increased, while the 7 -fraction is either 
split or a new fraction appears. The change in the number of fractions 
is visible both in the salting-out curves and by electrophoresis. 

Similar changes in the 7 -fraction occur in highly immune rat serum. 
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The investigation reported in this paper is a continuation of the work 
in this laboratory on the solubilities of sodium alkylsulfonates. The 
previous work by Tartar and Wright (5) showed that as the temperature 
is increased there is an abrupt break in the solubility curve of these sub- 
stances, from comparatively small values of solubility to high values. This 
sudden change was explained by assuming that the formation of micelles, 
as suggested by Hartley (1), begins at the concentration at which the 
break occurs. 

Murray (2) has discussed the effect of potassium chloride on the solu- 
bility of potassium cetylsulfonate and has shown that the Krafft point* 
is raised by the addition of potassium chloride. 

Numerous investigators have reported qualitative findings indicating 
that calcium salts are more soluble in solutions of sodium alkyl sulfates 
than in water alone. The increase in the solubility of calcium salts is 
of great importance in the use of alkyl sulfates as detergents. 

The results reported in this paper were obtained from a study (a) of 
the solubility of sodium dodecyl- and tetradecyl-sulfonates in solutions of 
sodium chloride and (6) of the solubility of calcium dodecyl sulfate and 
calcium dodecylsulfonate in solutions of the corresponding sodium salts. 

APPARATUS AND MATERIALS 

The sodium dodecylsulfonate and sodium tetradecylsulfonate were 
portions of material used by Tartar and Wright (5). The sodium dodecyl 
sulfate was prepared by Reed (3). Sodium laurate was made from 

* Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. 

* Standard Oil Company of California Fellow, 1938-39. 

' Temperature above which the substance is exceedingly soluble. 
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lauiic acid (m.p. 42-43*’C.) obtained from the Eastman Kodak Company. 
The acid was carefully neutralized with sodium carbonate and extracted 
with ether. 

The calcium salts were obtained by adding a solution of calcium chloride 
to solutions of the corresponding sodium salts. The precipitated calcium 
salts were first washed on a filter. Complete removal of the calcium chlo- 
ride was finally accomplished by repeated washings by thorough shaking 
with water in a 2-liter, glass-stoppered Pyrex bottle. The salts were then 

TABLE 1 

Solubility of sodium dodecylsulfonate and sodium tetradecylsulfonate in sodium 

chloride solutions 


BOPIUM PODaCTLSUIFOKATB 

BOPIUM TBTBAPBOTLBUUrONATB 

Temperature 

Conoentration 

Molality 

Temperature 

Conoentration 

Molality 


Sodium chloride solution — 0.004 molal 


• c . 

granu^^iOO 


• c . 

gratM^^lOO g. 


28.0 

0.166 

0.00610 

28.0 

0.0126 

0.000420 

31.0 

0.202 

0.00743 

30.0 

0.0171 

0.000570 

33.0 

0.233 

0.00867 

33 . 0 . 

0.0204 

0.000680 

35.0 

0.305 

0.0112 

35.0 

0.026 

0.000867 

36.0 

0.623 

0.0230 

40.0 

0.047 

0.00168 




41.5 

0.0503 

0.00168 




43.0 

0.0565 

0.00188 




44.6 

0.175 

0.00583 




46.0 

0.662 

0.0221 


Sodium chloride solution » 0.008 molal 


25.0 

0.110 

0.00404 

35.0 

0.0110 

0.000368 

30.0 

0.157 

0 . 00 S 77 

40.0 

0.0276 

0.000920 

33.5 

0.205 

0.00754 

43.5 

0.059 

0.00197 

35.0 

0.246 

0.00904 

44.0 

0.083 

0.00277 

36.0 

0.348 

0.0128 

46.0 

0.346 

0.0115 


dried at 70®C. and analyzed. All analyses checked closely with the 
theoretical values. 

The sodium chloride was of Merck’s reagent quality. It was further 
purified by precipitating it twice by saturating its aqueous solution with 
hydrogen chloride; it was finally dried to constant weight. 

The stock solutions of sodium chloride, sodiiun dodecylsulfonate, and 
sodium dodecyl sulfate were made on a weight basis. 

The apparatus and procedure employed were similar to those used by 
Wright and Tartar (5). The only change was the use of a mercury seal 
instead of a capillary tube at the top of the vessel to prevent evaporation 
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of water. Equilibrium was approached from both the supersaturated 
and the unsaturated states; this was usually accomplished within 2 to 4 
days. The excess of solid calcium salt was kept small to minimize any 
error due to the possible leaching of an impurity. The weighed samples 
of the saturated solutions were evaporated to dryness at 70®C. The weight 
of the calcium salt was determined by subtracting that of the sodium salt 
present in the solution. 

BOLUBILmES IN SODIUM CHLORIDE SOLUTIONS 

The data for the solubility of sodium dodecylsulfonate and sodium 
tetradecylsulfonate in 0.004 and 0.008 molal sodium chloride are given in 
table 1 and presented graphically in figure 1. The temperatures are accu- 



Fio. 1. Solubility of sodium alkylsulfonstes in water and in sodium chloride 
solutions. Curves A, B, and C represent the solubility of sodium dodecylsulfonate 
in water, in a 0.004 molal solution of sodium chloride, and in a 0.008 molal sodium 
chloride solution, respectively. Curves D, E, and F represent the solubility of 
sodium tetradecylsulfonate in the corresponding solutions. 

rate to 0.06®C. ■ The curves for the solubilities of these sulfonates in water 
alone are taken from the work of Wright and Tartar. 

The results show that the breaks in the solubility curves shift toward 
higher temperatures and lower concentrations as the concentration of 
sodium chloride is increased. 

The solute is a mixture of uni-univalent molecules in a neutral solution 
and below the break exists as ions or simple ion pairs (molecules). The 
abrupt rise in the solubility of the sulfonate can be explained as being due 
primarily to the aggregation of the hydrocarbon chains in the form of 
ionic micelles containing ions and molecules. 

The influence of sodium chloride on the solubility of the sulfonates below 
the concentration at wbidi micelles are formed can be shown to be due to 
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the common-ion effect. Umng the wdl-4cnown equation of the Debsre 
and Hhckel theory for the activity coefficient of an electrolyte in varying 
solutions of different ionic strengths 

ln/± “ -«+«- 4 ^^ 23 Ci** 

the ion activity product for the saturated solution of either of the sul- 
fonates can be calculated for its solutions at a given temperature. For 
example, the calculated ion activity products of sodium dodecylsulfonate 
in water, in 0.004 N sodium chloride, and in 0.008 N sodium chloride are 
4.06, 3.56, and 3.85 X 10~*, respectively. Ck>nsidering the nature of these 
systems in which non-Coulombic forces play a large rdle, the experimental 
errors of the solubility determinations (near 1 per cent), and the assump- 
tions involved in the theoretical treatment, the data are in satisfactory 
agreement and show quite clearly that the mass action law holds for this 
region.' In a similar manner it can be shown that the activity product of 
a given sulfonate at the concentration at which micelles form is essentially 
the same, disregarding the limited variation in temperature, in the differ- 
ent solutions, within the limits of experimental error and theory. 

SOLUBILITY OF CALCIUM DODECYLSULFONATE AND OF CALCIUM 
DODECYL SULFATE 

The data on the solubility of calcium dodecylsulfonate in aqueous solu- 
tions at 50®C. are reported in table 2. The values for the solubility of this 
salt in water agree well with those found by Reed and Tartar (4). The 
relation of the solubility of calcium dodecylsulfonate to the concentration 
of the sodium salt is shown in figure 2; a portion of the curve drawn to 
largw scale will be found in figure 3. 

The initial lowering of the solubility of calcium dodecylsulfonate by 
small concentrations (below the critical concentration for the formation of 
micelles) can be accounted for upon the basis of the common-ion effect, 
using the Debye and Hfickel equation for the calculation of the activity 
coefficients of the ions. 

The minimum of the curve occurs at a concentration of the sodium salt 
below that at which micelles form in solutions of this substance alone, at a 
lower temperature, viz., 0.0125 M at 36®C. (5). The increased solubility 
of the calcium salt at the higher concentrations (beyond the mini m u m ) 
can be explained as follows: There are present sulfonate, calcium, and 
sodium ions. The pm-affin chain ends of the sulfonate ions tend to aggre- 
gate in the form of a micellar multivalent anion; this tendency is opposed 
by the Coulombic forces of natively charged polur sulfonate ends. The 
calcium ion, because of its greater valence, is held more readily, as a gegen 
ion at the surface of such a micelle than the sodium ion, thus reducing the 
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repelling action of .the negative charges. This complex ionic micelle with 
both calcium and sodium gegen ions should be more stable than if it were 
pioduced with the same number of parafiSn chains from the sodiiun salt 
only; consequently it can be produced at lower concentrations. 


TABLE 2 

Solvbiliiy of calcium dodecylsulfonctte and calcium dodecyl sulfate in aolutiona of the 
corresponding sodium salts at 


aODXUM 

BODSCTLSULrOHATB 

OALCXY7M 

DODBCTXJIXniyONATB 

sonxiTM 

DODBOTI* SVhSATP 

CALCIUlf 

1 DODBCTXi aULTATB 

Conoentra* 

tion 

Molality 

Conoentra* 

tion 

MoUlity 

Conoentrflr 

tion 

Molality 

Concentra- 

tion 

Molality 

granuper 
100 HiO 


grams per 
100 g, HfO 


gramsj^ 
100 ^HsO 


grams 

100 g. HsO 


0.0 

0.0 

0.0220 

0.000408 

0.0 

0.0 

0.261 

0.00457 

0.0125 

0.000460 

0.0166 

0.000308 

0.200 1 

0.00694 

1.26 

0.0219 

0.0300 

0.00110 

0.0067 

0.000124 

0.600 

0.0208 

2.60 

0.0455 

0.1000 

0.00368 

0.0028 

0.0000520 

1.250 

0.0434 

4.30 

0.0763 

0.2000 

0.00735 

0.0043 

0.0000798 

2.500 

0.0868 

7.27 

0.1273 

0.6000 

0.0220 

0.0260 

0.000482 





1.6000 

0.0552 

0.135 

0.00250 





2.5000 

0.0919 

0.171 

0.00317 





5.000 

0.184 

0.260 

0.00482 





10.000 

0.368 

0.440 

0.00816 





16.000 

0.551 

0.820 

0.0152 






1 



Fio. 2. The solubility of calcium dodecylsulfonate at fiO'C. in solutions of sodium 
dodecylsulfonate. 


The increase in the solubility of the calcium salt is accompanied by an 
increase of both calcium and sodium ions and a decrease of sulfonate ions 
in solution. The solid calcium sulfonate dissolves to satisfy its ion activity 
product in the saturated solutions. 

With the change of the ratio of calcium to sodium ions in solution at the 
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various higher conceutrations there would be a change in the relative 
amounts of these held as gegen ions. This might affect the surface charge 
of the micelle and possibly its constitution. 

The results from the determination of the solubility of calcium dodecyl 
sulfate in aqueous solutions of sodiiun dodecyl sulfate are reported in 
table 2 and figure 4. The curve differs from that for the corresponding 
sulfonates in that there is no minimu m. The solubility of calcium dodecyl 
sulfate in water at SO^C. is more than ten times that of the corresponding 
sulfonate. The saturated solution of the sodium dodecyl sulfate evidently 
must contain a considerable quantity of this substance in the form of 
micelles, and the addition of the sodium salt results in a greater solubility 



CONCCHTRATION OT SOOUM DOOECYUSUUFONM-E 
(eSAMS PER nOG H^) 

Fio. 3 


I 



CONCCNTRATION OF SODIUM DODECYL 
SULFATE (grams PER 100 G 


Fig. 4 


Fig. 3. A magnification of the lower region of the solubility curve of calcium 
dodecylsulfonate in solutions of sodium dodecylsulfonate. 

Fig. 4. The solubility of calcium dodecyl sulfate at 50®C. in solutions of 
sodium dodecyl sulfate. 


of the calcium, owing to complex micelle formation effects analogous to 
those presented above for the corresponding sulfonates. 

SOLUBILITY OF CALCIUM LAURATB 

The solubility of calcium laurate in solutions of sodium laurate was too 
small to be determined by the methods employed. Even concentrated 
solutions of the latter substance gave no measurable effect. 

8Um:&^ry 

1. The influence of sodium chloride on the solubility of sodium dodecyl- 
sulfonate and sodium tetradecylsulfonate at 50^C. has been determined. 
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Sodium chloride decreases the solubility, owing to the common-ion effect; 
it also increases the temperature and decreases the concentration at which 
micelles begin to form. 

2. The solubilities of calcium dodecylsulfonate, calcium dodecyl sulfate, 
and calcium laurate in solutions of the corresponding sodium salts at 
60®C. have been determined and discussed from the standpoint of complex 
micelle formation. 

Grateful acknowledgment is made for a fellowship grant of funds from 
the Standard Oil Company of California, which made this investigation 
possible. 
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No completely satisfactory explanation of the lyotropic series of ions 
has been proposed. It is logical to seek an explanation of the various 
lyotropic phenomena in the effects of the ions upon the dispersing medium 
or solvent. In view of the ideas concerning the structure of water based 
upon x-ray data (4), it is to be expected that the addition of ions of various 
radii and various energies of interaction should alter the infrared absorp- 
tion bands found in water. Since the 3 p (3400 cm."*) absorption band is 
the result of the hydrogen bonding of the water molecules (2), it is probable 
that changes in the infrared absorption will occur on the addition of 
various ions. These changes may be an alteration of the absorption 
coefficient, or a shift in the frequency of the position of maximum absorp- 
tion, or an alteration of the curve of the absorption coefficient plotted 
against the wave length. Kujmnzelis (3) finds an alteration in both the 
shape and the height of the Raman band of water at 3400 cm.~* on the 
addition of various ions. The difficulties of the Raman technique do 
not lead to great accuracy, but nevertheless he is able to obtain direct 
evidence of a specific ion effect. 

Inasmuch as Suhrmann and Breyer (5) have found that dissolved salts 
alter the infrared combination and overtone absorption bands of water 
up to 2.3 p (4350 cm.-*), it is to be expected that the same effects will be 
apparent on the shifted fundamental O — H radial frequency absorption 
band at 3 m (3400 cm.-*). 

With this in mind we have studied the influence of several salts on the 
3 p liquid water absorption band. In order to compare the absorption 
we have computed the molecular absorption coefficient (in mm.-*) by 
means of the following expression: 

" (««,. - aoi “ X looo X 1 ^’'°^ 

1 Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July ^8, 1989. 
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where K = molecular absorption coefficient in 

L s Li — La, where Li and La are thicknesses in millimeters of 
cells 1 and 2, 

1 1 — intensity of infrared radiation through cell 1 (galvanometer 
deflection), 

la — intensity of infrared radiation through cell 2 (galvanometer 
deflection), 

Aoiutioa density of solution, and 

d == weight in grains of solute in 100 ml. of solution. 

The filing used in this investigation are between 0.004 and 0.0008 mm. 
thick. The greatest source of error is the determination of this film 
thickness. The films are produced by submerging the two fluorite plates 
of each cell in the solution to be measured, pressing the plates together 
without spacers, coating the edges of the plates with beeswax, and clamp- 
ing in the cell holder. After various tune intervals, at constant tem- 
perature, the thicknesses are estimated by an interferometric method (6). 
The method is capable of accuracy, but at such small thicknesses the 
irregularities inherent in the fluorite plates, which are plane to ^ wave 
length of 5461 Angstrdm light, as well as the strains and stresses produced 
by waxing the plates together, make it difficult to measure thicknesses to 
0.0002 mm. It is necessary to measure the thickness to this value because 
of the enormous absorption of water in the 3400 cm.“‘ region. 

The use of two cells of two different thicknesses allows the absorption 
to be measured without the complication of reflection at the fluorite- 
liquid and liquid-fluorite interfaces. 

The infrared absorption is determined with a prism spectrometer, as 
previously described (1). 

The average values of the molecular absorption coefficients at the peak 
of absorption and the position of the peaks are given in table 1. 

It is interesting to note that the effect of the halogen anions upon the 
molecular absorption coefficient of water is in a lyotropic sequence parallel 
with the respective halogen ionic radii. The nitrate and thiocyanate 
ions seem to be in positions that are more difficult to explain. It is neces- 
sary to remember, however, that there are two opposing effects of the 
dissolving of an ion on the water molecules. These two effects are a de- 
polymerization of the liquid structure and an electrostatic orientation 
of water molecules around the dissolved ion. The depolsonerization of 
the liquid structure should leave the OH dipole more capable of vibrating 
at its fundamental frequency and consequently should increase the ab- 
sorption. The orientation of water molecules around the ions should 
have the opposite effect. 

The absorption of a viscous solution of calcium chloride, about 6 molar, 
has been compared with that of double-distilled water in the 3 m region. 
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The concentrated solution of calcium chloride was used in the hope that 
the highly hydrated calcium chloride might sufficiently depolymerize the 
water molecules so that some evidence of the fundamental OH radial 
frequency at 2.67 n or at slightly perturbed wave lengths might be foimd. 
As the curves in figure 1 show, there is a shift and broadening of the curve 
on the low wave length (2.67 ii ) side. 

TABLE 1 


Molecular absorption coefficients and wave lengths of peaks of absorption 


CONCBNTRATIOII 

SAur 

MOliSCULAB ABtOBPTZON 
coxmaBMT 

WAva LaaoTB or peak 

mdea^'per liter 


mm.“* 

M 

1 

KSCN 

6.20 

2.905 

1 

KCl 

6.98 

2.947 

1 

KNOa 

7.72 

2.904 


H,0 

7.86 

2.897 

1 

KBr 

8.07 

2.905 

1 

KI 

8.47 

2.904 



Fig. 1. Comparison of the infrared absorption spectrum of a viscous solution of 
calcium chloride with that of water. 

We propose to continue this study along the following lines: (t) In 
order to increase the accuracy of thickness measurements we shall attempt 
to use the infrared spectrometer as an interferometer which should give 
measurements of thickness under conditions identical with those for the 
infrared absorption. (S) Similar studies are anticipated in the 6 m and 20 m 
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regions, where the angular mode of vibration and the hindered rotation 
frequencies occur. (S) Infrared reflecticm studies are contemplated in 
order to obviate the difficulties of thickness measurement. 

The authors wish to acknowledge their indebtedness to the Rockefeller 
Foimdation for financial support and to Mr. J. B. Patberg for making 
some of the determinations. 
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INTRODUCTION 

Since the days of Quincke and Helmholtz, the concept of the electrical 
double layer surrounding colloidal particles has furnished qualitative and 
quantitative explanations of a variety of colloid chemical phenomena. 
It has been particularly successful in the elucidation of electrokinetic 
behavior and colloid stability. In the present paper some further con- 
sequences of the double layer theory are developed with special reference 
to the migration of ions in colloidal systems. 

In calculations involving the electric double layer it is customary to 
assume for the colloidal particles a uniform surface charge. However, 
for the presentation and future theoretical interpretation of the phe- 
nomena reported here, the configuration of the attraction centers and the 
distances between them as conditioned by the crystal lattice pattern of 
the micelle are important. To each charge or ion constituting the inner 
layer belongs an oppositely charged counter ion. The latter is not held 
rigidly. On account of thermal agitation it oscillates over distances 
corresponding to the thickness of the outer sheet of the electrical double 
layer. The space to which the adsorbed ion is confined has been termed 
its ‘^oscillation volume.^' This concept of the oscillation volume, which 
was used by Jenny (8) in developing a kinetic theory of base exchange, 
is in no way inconsistent with the diffuse double layer theory of Gouy 
and others who assume a uniform surface charge, but it acquires a special 
significance in those cases where the attraction spots on the colloidal 
surface are irregularly distributed, far apart, or of opposite sign. 

Whenever a free ion enters the oscillation volume of an adsorbed ion, 
conditions for ion exchange are given and the ions may exchange places. 
The outgoing ion becomes a free, wandering ion, whereas the ingoing ion 
becomes an adsorbed ion. This process is known as ion exchange or 
exchange adsorption. It is schematically represented in figure 1. Nu- 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. 


1185 



1186 


H. JSNNY AND B. OVBBSTBBBT 


noierouB empirical (6), thermodynamic (13), and kinetic (8) equations 
have been formulated for this process, which is common for clays, pro- 
teins, soaps, metallic sols, and probably all particles canying electric 
charges. 


MIGRATION OF IONS ON SVRFACSiS 

In %ure 1 the surface conditions are such that the oscillation volumes 
are independent of each other. If the adsorption centers are relatively 
close together, or if the exchangeable ions are very loosely held, the 
oscillation spaces may overlap. Ions may then interchange on the same 
surface. By “exchange jumps” from one spot to another the ions may 
travel along surfaces (figure 2). The presence of solution ions is not 
necessary. 

It is conunonly believed that electrolytes diffusing through a membrane 
must travel in the pores essentially as ion pairs. The concept of surface 
migration indicates an additional mode of diffusion which involves only 



-Surface (ntfatinj 
(atien, adj0rl>ed 


Cation 

■Union 



Fio. 1 



Fio. 2 


Fio. 1. Model of base exchange or ionic exchange 
Fia. 2. Schematic representation of migration of positive ions on a negative surface 


one ion partner of the electrolyte, namely, the one carrsdng an opposite 
charge to the surface. The phenomenon is particularly striking when 
one of the electrolyte partners is too large to penetrate the pores. For 
negatively charged porous bodies like chabazite and permutite, which 
possess pores of 3 to 5 A. radius and which have pronoimced cation ex- 
change, Wiegner and Cemescu (2) showed that electrolytes with large 
cations (e.g., tetramethylammonium chloride) cannot replace calcium 
ions from the interior of the gel because of restricted pore size. On tiie 
other hand, we observed no such reduction when the exchanging elec- 
trolyte consisted of a relatively small cation but a large anion (e.g., potas- 
sium citrate). Although the electroljrte as such could not enter the gel, 
cation replacement readily occurred, probably as a consequence of surface 
migration. 


CONTACT BXCHANGI! BBTWBBN COLLOIDAL PABTIOLBB 

The idea of overlapping oscillation volumes may be extended to transfer 
of ions from one colloidal particle to another. It is only necessary that 
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the two surfaces come close enough together so that the oscillation spaces 
intermingle. This corresponds to the condition of partial penetration 
of the electrical double layers of two colloidal particles. In sols this may 
result from Brownian movement; in gels, the structural arrangement 
may provide the necessary contact zones (figure 3). A search in the 
literature revealed that Cotton and Mouton (3) had foreseen the existence 
of contact exchange as early as 1906. For, in their book Lea XJUrOr 
microscopea, page 164, they make the brief remark: “Les ^changes qui 
en r^sultent entre la micelle et le liquide ou entre deux micelles distinctes, 
. . . .” Duclaux (5) and others have discussed the movement of adsorbed 
molecules on surfaces. Duclaux also has inferred certain consequences 
of interpenetration of diffuse ionic double layers in regard to the diffusion 
of ions in gels and the osmotic pressure of colloidal systems (4). He 
assumed extensive mixing of double layers, which, as Schofield (12) has 
shown, is not the case with clay systems. 

furfate fl 


JurfcuceB 

Fia. 3 Fig. 4 

Fig. 3. Model of contact exchange. The oscillation volumes of the adsorbed 
ions of particles A and B partially interpenetrate and the ions exchange places. 

Fig. 4. Example of diffusion of ions in gels 

The combination of surface migration and contact exchange provides 
an important mode of migration of ions in gels. Inasmuch as the surfaces 
are anisotropic, it will very likely be necessary to introduce directional 
diffusion coefficients. Generally speaking, the movement of ions in gels 
and sols may be divided into the following groups: (a) Free diffusion 
of ion pairs in the intermicellar pores and channels, (b) Adsorption of 
ions by colloidal particles which themselves diffuse as a result of Brownian 
movement or with the aid of some transporting agent (e.g., protoplasmic 
streaming in plant cells), (c) Stepwise exchange of ions between surfaces 
and intermicellar liquids as indicated in figure 4. (d) Surface migration 

and contact exchange, independent of the nature of the intermicellar liquid. 

It is of course possible that all four types of mechanisms are operating 
in a given gel. The type of colloidal system is immaterial, provided the 
particles are capable of ion adsorption. If positive as well as negative 
spots are on the surface, both anions and cations may travel on the sur- 
faces. Brooks (1) proposed for the diffusion of ions in protoplasm a 
similar chain of exchange reactions, without, however, giving a detailed 
picture of the mechanism involved, or experimental data in support. 
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HXABAnOBtlTAI. BATA 

A study of contact exchange was begun early in 1936 by E. Wintere (14) 
in the senior writer’s laboratory. The experiments were coiifirmed and 
extended by R. Overstreet. At first only colloidal clay systems were 
investigated; later on the work was extended to include the important 
phase of plant root-iaoil relationships. A few typical illustrations only 
will be given here. 


Studies on bentonite days 

Mectrodialyzed clays exhibit the so-called suspension effect, that is, 
the pH of the suspension is much lower than that of the intermicellar 
liquid. The pH of the sol may be as low as 2, whereas the supernatant 
liquid (after centrifuging) may have a hydrogen-ion concentration cor- 
responding to pH - 6.5-7.0. These findings indicate that practically 
all of the hydrogen ions are assembled on the surface of the clay particles. 

An iron nail was pushed into a thick hydrogen bentonite gel containing 
a small amount of potassium ferricyanide as indicator for ferrous ion. 
Gas bubbles developed around the nail and the white color of the gel 
turned blue. The reaction may be written as follows: 



H+ 


Clay 

+ Fe?^ 
H+ 

Clay 


Prior to insertion of the nml, a stream of nitrogen gas was passed through 
the gel for 3 days in order to remove carbon dioxide and oxygen. The 
same result was obtained when the indicator was added at the end of the 
experiment. Inasmuch as the intermicellar liquid, after dilution of the 
gel and subsequent centrifuging, did not show any test for ferrous ion, 
it is reasonable to assume that the diffusion of iron through the gel oc- 
curred by way of surface migration. 

Iron hydrogen bentonite was prepared by treating hydrogen bentonite 
with normal ferrous sulfate. The resulting iron hydrogen clay was then 
leached with distilled water until the intermicellar liquid gave no test 
for ferrous ion. The sensitivity of the potassium ferricyanide test was 
found to be in the neighborhood of 1 part of ferrous ion per million. 

A thick iron hydrogen bentonite suspension was placed in centrifuging 
tubes and centrifuged to a rigid gel (9.62 per cent). The supernatant 
liquid was poured off. Gels of hydrogen bentonite (pH alraut 3.5), 
potassium bentonite, and so<tium bentonite (pH about 6.6) were placed 
directly over the iron hydrogen gel, as illustrated in figure 5. 

The tubes were stoppered and allowed to stand for 1 week. Then 0.6 
cc. distilled water, 3 drops of normal potasrium ferricyanide reagent, and 
1 drop of dilute hydrochloric acid were added to each tube to develop 
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the ferrous ion test. A very pronounced migration of ferrous ion was 
noticed in all cases, especially in hydrogen bentonite, extending about 
0.6 cm. above the boundary of the two gels. The iron hydrogen benton- 
ite underl 3 ring the sodium bentonite was analyzed [for sodium. Knowing 
the amount of iron hydrogen bentonite and its cation adsorption capacity 
(100 milliequivalents per 100 g.), it could be calculated that 26 per cent 
of the adsorption centers of the iron hydrogen bentonite were now oc- 
cupied by sodium. 

OPe might contend that iron does not migrate by contact exchange but 
diffuses within the pores as Fe(OH)» or possibly as Fe(HCO»)» in amounts 
too small to be detected by the indicator. If this were the case, iron 
also should pass from one gel to another through a thin layer of water. 
Several experiments were designed to test this possibility. 


H- 



H- 


m 


/\/a- 




'Fe-fi-bentonite 




Fig. 5 Fig. 6 

Fig. 5. Experimental arrangement for the demonstration of diffusion of ferrous 
ion from iron hydrogen bentonite into hydrogen bentonite, potassium bentonite, 
and sodium bentonite. 

Fig. 6. Ferrous iron migrates into calcium bentonite if the two gels are in direct 
contact, but not if they are separated by a layer of water. 


Iron hydrogen bentonite was poured into the bottom of wide centrifuging 
tubes. Calcium bentonite gel held by adhesion in open glass tubes was 
placed above the iron hydrogen gel in a manner illustrated in figure 6. 
In system I the two gels remained separated by a layer of distilled water, 
3 nun. in thickness. In system II the gels were in mutual contact. After 
20 hr. it was found that ferrous ion had accumulated in the calcium 
bentonite of system II. In system I neither the gel nor the water layer 
developed the blue color of the ferrous ion test. 

If a gel of iron hydrogen bentonite is separated from a hydrogen benton- 
ite by a very thin collodion membrane, ferrous ion readily moves from 
one gel to the other. Collodion itself has no cation adsorption capacity, 
but the pores are sufficiently large so that the finer colloidal clay particles 
may be forced mechanically into the membrane. Contact between the 
two tsrpes of gel may thus be established. No transfer of ferrous ion is 
observed across thick collodion membranes. Althou^ ferrous ion 
migrates from one gel to another through a very thin collodion membrane. 
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it will not pass throu^ two thin membranes which are separated by a 
film of water (figure 7). This again is in harmony with the surface 
migration theory. 

Surface migration of iron, and possibly manganese, has a nmnber of 
interesting practical aspects, especially in regard to soil color and the 
formation of iron concentrations in soils and geological strata (e.g., later- 
ites). The “nail experiment” suggests a simple explanation of the wide 
occurrence of spotted corrosion of iron pipes buried in acid soils. 



• Fig. 7. Ferrous iron migrates from iron hydrogen bentonite into hydrogen ben 
tonite through a thin collodion membrane but not through two membranes separated 
by a water film. 



Fie. 8. Intake of radioactive rubidium by barley roots from solutions of 
rubidium bicarbonate. 


Plant roots as colloidal systems 

Plant roots possess many properties characteristic of colloidal systems. 
McGteorge (11) has found that roots as well as tops of numerous plants 
exhibit exchange adsorption. Mono- and di-valent cations replace each 
other in stoichiometric proportions. Barley roots studied by the authors 
have a cation adsorption capacity of 11 milliequivalents per 100 g. of 
oven-dry roots, as determined by the neutral ammonium acetate method. 
If living barley roots are immersed in rubidium bicarbonate solutions of 
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various concentraticms for brief periods of time (1 sec., in order to avoid 
complications due to ion accumulation in the vacuoles), adsorption iso- 
therms as shown in figure 8 are obtained. The rubidium bicarbonate 
solutions contained radioactive rubidium (Rb*) and the intake was deter- 
mined by measuring the radioactivity of the root. The volume of the 
solution was so large that the removed rubidium did not alter its concen- 
tration. We believe that the uptake of rubidium is a process of exchange 
adsorption. The maximum of the curve indicates that the outer portions 
of the root are saturated with rubidium. These colloid chemical relation- 
ships suggest that plant roots themselves exhibit the phenomenon of 
surface migration and contact exchange. 

Contact intake and contact depletion 

From the viewpoint of mineral nutrition of plants it appears expedient 
to divide contact exchange into contact intake and contact depletion 





a 


h 


Fig. 9. Schematic representation of contact intake (a) and contact depletion (b) 
between plant roots and soil colloids. 



(figure 9). In contact intake hydrogen ions on the root surface exchange 
for nutrient cations on the clay. The root system gains bases, whereas 
the clay particles become enriched in hydrogen ions. On the other 
hand, any nutrient ion on the root surface may be transferred to the clay 
surface. This is contact depletion, a process which involves disastrous 
consequences for the plant if the contacting colloid happens to be a hy- 
drogen clay. 


Experiments on contact depletion 

Contact exchange studies require large amounts of uniform root material. 
Moreover, the roots must be healthy and in an active state of metabolism. 
Barley roots grown according to the technique of Hoagland and Broyer 
(7) fulfill these requirements. As a detailed account of contact depletion 
experiments has been published elsewhere (10), it may sufiSce to give but 
one or two illustrations. Excised barley roots were immersed for 10 hr. 
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in various electrolyte solutions and colloidal clay suspenrions. Table 1 
shows the reduction of the potasriiun content of the roots as a crausequence 
of the various treatments. The effect of the electrolyte solutions is 
small and irr^lar. The clay particles, on the other hand, definitely lower 
the potaaritnn level of the root; potasrium migrates from the root surface 
onto the clay surfaces. The presence of a membrane, permeable to 
cations but not to clay particles, between root and soil colloids prevents 
the occurrence of contact depletion. The influence of the sign of the 
colloid furnishes further confirmation. If a root contains potassium 
cations and bromide anions, negative clay particles will pull out potassium 
but not bromide, whereas positive ferric hydroxide particles remove 
bromide but not potassium. Crucial experiments vdth radioactive 
elements indicate that the migration of nutrient elements from healthy 


TABLE 1 

Change in the total potaeaium content of barley roots as a result of contact exchange 


TBVa SOL17TIOWS 


COLLOIDAL CLAT SOLfmOBS 


System 

Change in 
per cent 

System 

Change in 
per cent 

NaCl 

peresni 

-4.1 

Sodium clay 

psreent 

-13.7 

NH4HCOa 

+1.6 

+1.4 

Ammonium clay 

-32.4 

CaCl, 

Calcium clay 

-5.8 

HCl (pH - 4.1) 

-6.1 

Hydrogen clay 

-66.0 


roots to clay particle appears to be a normal process of plant growth 
in soils. 

Experiments on contact intake 

The demonstration of accumulation of nutrient ions through contact 
intake involves a complicating factor, due to the presence of an unknown 
carbon dioxide gradient in the vicinity of the root. Carbonic acid may 
release the adsorbed ions on the clay particles by ordinary electrolyte 
exchange and the ions could then enter the root from the solution. In 
order to ascertain the presence of contact intake it must be shown that 
plants accumulate more ions from clay suspensions than from their 
carbonic acid extracts. 

Hydrogen clays were treated with radioactive rubidium carbonate in 
various concentrations, followed by aeration to remove carbon dioxide. 
The resulting rubidium hydrogen clays had various degrees of saturaticm 
(9) with respect to rubi^um. The degree of saturation (Z>) indicates 
the portion of the ions on the surface of the day particles represented by 
rubidium. In other words, all rubidium hydrogen sols contained iden< 
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iioal amounts of rubidium ion but varying amoimts of hydrogen ion. 
Healthy barley roots (1 cork) were dipped into the suspensions for 1 sec. 
and the transfer of Rb* from the clay to the root was determined with the 
aid of a Geiger counter. The curve shown in figure 10 depicts the relation- 
ship between rubidium intake and degree of saturation of the clay particles. 



J) in per ctnt 

Fio. 10. Intake of radioactive rubidium by barley roots from rubidium hydrogen 
clay suspensions of various degrees of saturation (D) of clay particles. 



Fio. 11. Replacement of adsorbed rubidium by carbonic acid at various degrees 
of saturation (D) of clay particles. 

At the same time aliquots of the original rubidium hydrogen clay sus- 
pensions were saturated with carbonic acid for 48 hr., centrifuged, and 
the intennicellar liquid analysed for Rb*. The carbon dioxide exchange 
curve thus obtcuned is shown in figure 11. As the degree of saturation 
is lowered, the replacement of rubidium by carbon dioxide is decreased. 
By combi n i n g figures 8, 10, and 11 it is possible to construct a relationship 
between rubidium intake from rubidium hydrogen clay suspensionB and 
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from the corresponding carbon dioxide-saturated intermicellar liquids 
(table 2). At low degrees of saturation of rubidium hydrogen clay, the 
suspensions are superior to their carbonic acid extracts, indicating the 
operation of contact phenomena. At higher values of D the differences 
disafq)ear because the surface of the root is saturated with rubidium. 


TABLE 2 

Intake of radioactive rubidium by barley roots from, rubidium hydrogen clay sols of 
various degrees of saturation (D) * 


COKCBNTBATION 

D 

INTAKE OF Rb* (expressed AS COUNTS 
PER minute) 

INCREASE OP CLAY 
OVER CARBON 

OP SOL 


From clay 
suspension 

From carbon 
dioxide extract 

DIOXIDE EXTRACT 

pereent 

percent 



per cent 

4.94 

1.0 

18.5 

6 

208 

2.47 

2.0 

24.5 

12.5 

96 

1.65 

3.0 

27.5 

20 

38 

0.99 

5.0 

30 

30 

0 



Fio. 12. Intake of radioactive sodium by barley roots from clay suspensions 
and salt solutions. 

A very striking instance of contact relationships is observed with 
radioactive sodium. Boots of decapitated bailey plants were immersed 
for 10 min. in various solutions of sodium clay (X> ss 100 per cent), sodium 
chloride, and sodium bicarbonate of equal concentrations of total sodium. 
The intake of radioactive sodium is shown in figure 12. 
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At higher sodium concentrations the accumulation of Na* from sodium 
clay greatly exceeds the intake from the corresponding solutions. It 
should be noted that the amount of sodium in the sodium bicarbonate 
solutions is equal to the total amount of sodium on the clay, and not 
merely to the carbon dioxide extract. The superiority of the clay system 
is beyond doubt. In other words, adding proper amounts of hydrogen 
clay to a solution of sodium bicarbonate stimulates the sodium accumula- 
tion of the roots. 

At low sodium concentrations the situation is reversed. The clay 
curve is below the solution curves. This may be expected on theoretical 
grounds. In order that the roots may accumulate sodium, the ion must 
first strike the root surface. Now, for a small number of sodium ions, the 
probability that an ion hits the root surface is greater for solutions 
than for clay suspensions. In the latter systems the sodium ions are 
attached to but a few colloidal particles and the chances for contact 
are remote. 

These experiments indicate that the entire science of mineral intake 
of plants in soils may be modified by this new approach, since the pre- 
vailing soil solution theories, dating back to the days of Liebig, are un- 
able to account for the phenomena described. We believe that contact 
exchange and surface migration have widespread application in biology 
and agriculture. 


SUMMARY 

A theory of ionic movement in colloidal systems is proposed involving 
ions held in the adsorbed state on the surfaces of the micells. 

The theory is used to interpret observations on the migration of ferrous 
iron in gels and sols of the bentonitic clays. The ions diffuse on the 
surface of the colloidal particles and “jump” from one particle to another. 
The theory suggests a new mode of mineral nutrition of plants in soils, 
based on interpenetrating double layers of root colloids and soil colloids. 
It is shown that roots in contact with clay particles gain as well as lose 
nutrient cations. 
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Different forms of the centrifuge and ultracentrifuge possess great value 
in the study of the composition and size of the particles. These comprise 
the batch-concentrating centrifuge of Wyckoff, the continuous-flow 
concentration process of Beams, the ultracentrifuge of Svedberg, the 
similar but much less expensive ultracentrifuge of Beams and Pickels, 
the powerful and versatile opaque ultracentrifuges of McBain, and even 
the simplest air-driven hollow rotor, or top, extensively used in France 
and Belgium. There is still, however, a place for directly air-driven 
transparent ultracentrifuges because (a) they are by far the least ex- 
pensive, (6) they may be run at any desired constant temperature by first 
passing the driving air through a thermostat, (c) they may be adapted for 
use with very small quantities of material, and (d) starting and stopping 
require but a few seconds. 

We here describe the directly air-driven transparent ultracentrifuge 
which is a development and refinement of the first air-driven one set up 
many years ago by McBain and O’Sullivan (6), and is now capable of 
measuring satisfactorily proteins as small as egg albumin. In addition 
we refer to the simplest form of transparent ultracentrifuge capable of 
taking a photographic record. This simple rotor has also served as a 
batch-concentrating centrifuge for our other transparent ultracentrifuge. 
The concentration and isolation of traces of substances for direct study 
is as important as is, in other cases, their complete elimination. 

THE TBANBPABBNT ULTRACENTRIFUOE WITH STATIONARY PERISCOPE 

The essential improvements over the rotor of McBain and O’Sullivan (6) 
are; (a) the use of a spacing piece of platinum-iridium between the 
quartz windows of the cell to form a good heat-conducting non-deformable 
sectorial cell, short-circuiting any stray temperature gradients; (6) 
smoothing the interior of the rotor surrounding the periscope; (c) placing 
an enclosed sir space above the cell; (d) insulating the cell from the rotor; 
(e) closing the opening of the cell with a small screw of stainless steel 

* Presented at the ffixteenth Colloid Symposium, held at Stanford University, 
California, July ft-8, 1939. 
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covered with a film of beeswax; and (/) enlarging the guard around the 
stator to lessen the effects of turbulence in the confined air. Other minor 
details such as the use of the commercial t 3 'pe H-4 General Electric mercury 
vapor lamp, with outer glass jacket removed, may also be mentioned. 

^e information given by McBain and O’Sullivan (6) on the design of 
the stator, the effects of air pressure, etc., need not be repeated here. 

At first we attempted to improve the temperature control by supplying 
air streams of suitable temperatures to the upper exposed surface im- 
mediately surrounding the periscope. However, this was abandoned in 
favor of the precautions listed above. It is helpful also to attach a sheet 
of Cellophane to the underside of the rotor above the periscope, although 
this sometimes tends to interfere with the photographic record. A 
metallic rotor is found to take the temperature of the escaping slip-stream 
of air, as measured by a copper-Constantan thermocouple placed 1 mm. 
from the edge of the rotor. 

The guard is firmly mounted to avoid vibration. The stator rests 
upon blocks of sponge rubber, kept under slight compression by suitable 
tension of the rubber pressure tubing. It is used in an accurately level 
position. 

Since a monochromator and monochromatic light are used, the line 
to be transmitted through the slit is picked out visually by making the 
first side of the slit fluorescent. It is useful to note that the 2804 A line 
is that just below the absorption edge of “UV glass.” The lens used was 
a Zeiss quartz anastigmat of focal length 12 cm., / — 4.5. With our small 
cell the much longer focal lengths commonly employed are unnecessary. 

The angle of the stator is still 90® and that of the rotor cone 100®. 
Enlarging the latter angle to as much as 110® greatly increases the speed, 
but, owing to the greater Bernoulli effect, reduces the stability unless a 
stator with adjustable central air inlet is used. With the 7-cm. rotor to 
be described below, it was noticed that the ratio between the number of 
flutes cut on the rotor cone and the number of air ports in the stator should 
be an integer. The length of the flutes does not matter, but they must 
not reach the upper edge of the stator. The speed increases but little 
with increase in their number. 

The length of the cell in a radial direction is 4 mm. and the diameter 
of the rotor is 37 nun. 

THE COUPLETS TBANSPABENT ULTBACENTBIFUOE WITH BXnLT-IN MiRBOBS 

The final design of our directly air-driven rotors is given in figure 1, 
which shows the way in which air friction at the cell windows is eliminated. 
There is an enclosed air space above the cell, made by screwing on a lid 
with two conical quartz windows cemented in place. All quaiitz is cut 
so as to be singly refracting. 
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albumin is 100. Thus the absolute magnitude of the cell is a matter of 
indifference, provided that facilities for accurate observation are available 
and the force is adjusted to yield the same resolving power. 

SOME EXPERIMENTAL RESULTS 

Hemoglobin 

Some photographs are given for illustration in figure 2, and some micro- 
photometer curves in fi^gure 3. 

Hemolyzed beef blood diluted with five parts of 1.2 m sodium chloride 
was used in five consecutive runs with the McBain-O’Sullivan rotor, 
photographs being made at 10-min. intervals. Each result was reduced 
to the sedimentation constant sjo, chosen by Svedberg as standard con- 
dition. The temperatures were 21.6, 21.9, 21.7, 22.2, and 21.8“C., respec- 
tively; relative viscosity = 1.15; density = 1.031; G = 116,400 g. 


TABLE 1 


Reaults with hemoglobin with O’Sullivan rotor 


an X m 

IIBAK 

DBVIATION 

MBAN 

5.61, 

4.75, 

4.10, 

3.82, 4.12, 4.83 

0.60 

4.54 

5.47, 

5.17, 

4.55, 

3.94, 4.24, 5.41 

0.59 

4.80 

5.06, 

5.04, 

4.90, 

4.79 

0.12 

4.95 

5.12, 

4.98, 

4.10, 

4.30 

0.44 

4.63 

5.00, 

4.27, 

3.88, 

3.80, 5.25 

0.59 

4.44 







4.67 

Stftndard deviation 

0.18 





1 



One experiment with hemoglobin, performed with the rotor of the latest 
design but retaining the periscope, gave 4.51, 4.46, 5.11, and 4.11; mean, 
4.69. A disk of Cellophane was fastened in the rotor above the peri- 
scope to improve the insulation of the cell. The microphotometer showed 
that the last two results were affected by an irregularity in the Cellophane 
which, if corrected, would bring them very close to the mean. 

These results may be compared with the most accurate measurements 
of sedimentation constant yet reported for the oil turbine ultracentrifuge, 
given by Steinhardt (9): 

«to X 10“ 4.61, 4.68, 4.70, 4.64, 4.66, 4.61± 0.05; mean, 4.63 

These results superseded the previous XJpsala value of 4.5, based upon 
unpublished data. They may be compared with the somewhat similar 
sedimentation constant for serum albumin obtained by von Mutzen- 
becher (7), using the Upsala ultracentrifuge: 4.20, 4.35, 4.2, 4.2, 4.34, 
4.3, 4.1, 4.2, 4.23, 4.46, 4.30, 4.7, 4.6, 4.47, 4.5 ± 0.20; mean, 4.45. 
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Egg aB>imin 

A 1.36 per cent solution was prepared from crystalline egg albumin pre- 
pared by Dr. Eloise Jameson after dialyzii^ it until free from ammonium 
sulfate. Five consecutive runs at 1700 b.p.8. were made with the McBain- 
O’Sullivan rotor, showing that this had just reached its limit of fairly 
accurate measurement. 

The mean values were 3.90, 3.05, 3.03, 2.35, and 2.57 (mean 2.98), 
instead of Svedberg’s 3.55 and the value 3.56 obtained by McBain and 
Inyda (5) with their simple opaque analytical ultracentrifuge with the 
same egg albumin. 

With the latest rotor, although still retaining the stationary periscope, 
five further runs with a new 1.08 per cent solution prepared by Dr. Eloise 
Jameson and running at over 1900 b.f.s. at various constant temperatures 
between 22“ and 25“C., gave the following values: 3.66 (mean, 3.66); 
3.57, 3.33, 3.67 (mean, 3.52); 3.96, 3.39 (mean, 3.67); 4.38, 3.30, 4.92 
(mean, 4.M); 3.94, 4.10, 3.13 (mean, 3.72). The irregular values of the 
fourth experiment were again due to an irregularity in the Cellophane 
which was not corrected for. Omitting this, the final mean is 3.64 with 
standard deviation 0.08, as compared with Svedberg’s already quoted 
3.55. The result shows that the improved design of the rotor was com- 
pletely successful. 

An antibody fraction Etfrom rat blood serum 

Interposed between the runs on egg albumin just quoted were measure- 
ments on a blood serum fraction separated electrophoretically by Dr. 
Eloise Jameson and containing an agglutinin, an antibody for sheep 
red blood cells. The total original solution, 0.3 cc., possessed a protein 
concentration of 0.1 per cent in 0.02 m phosphate buffer of pH 6.23, 
containing 0.15 m sodium chloride. This was evaporated to one-third 
its volume at 0.4“C. Only 0.003 cc. was required for each run. The first 
boundaries observed gave in two experiments the values: 3.50, 3.14, 3.54 
(mean, 3.39); 3.18; the final mean was 3.34. This value resembles that 
of egg albumin, but the results are wholly different, the boundaries being 
perfectly sharp instead of diffuse, and on further centrifugation becoming 
stationary or even moving upwards again. Sharp boundaries due to gel 
formation have been noticed by Wyckoff (12), using activated bacterio- 
phage. Gratia (3) centrifuged agglutinin for sheep red cells for 1 hr. 
in the Henriot and Huguenard centrifuge and obtained at that time no 
sedimentation, in contrast with other antibodies but in conformity with 
our results for that length of time. 
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Myosin 

This muscle globulin consists of highly elongated particles showing 
stream double refraction with particle weight of about one million by 
the osmotic pressure method (11). A sample from dog prepared by C.C. 
Nimmo in 1.2 potassium chloride of pH 7.6 sedimented at first with 
two sharp boundaries of which the lower was predominant. After a few 
hours, successive measurements gave a single sharp, not diffuse, boundary 
with mean values for sjo X 10“ equal to 14.7, 11.6, 11.4, and 10.5, suc- 
cessively, this behavior paralleling that known for denaturation. 

THE SIMPLEST TRANSPARENT TTLTRACENTRIFUGE 

This new directly air-driven type has been announced (4) and will be 
described elsewhere. It consists of a solid metal cone carrying a slitted 
block of hard rubber supporting an ordinary capillary tube and recording 
on a piece of photographic film without the use of. a camera or other 
accessories, and yet yielding accurate results for such proteins as that 
from the blood of lumbricua (59.6 X 10^“) and hemoglobin (4.71 X 
10 -“). 

STTMMART 

1. The present definitive development of the direct air-driven trans- 
parent ultracentrifuge is described. It gives results equal in accuracy 
to those of any other transparent ultracentrifuge down to proteins as 
small as egg albumin. 

2. It is emphasized that, in accordance with the classical mathematical 
analysis of Mason and Weaver, all monodisperse substances give an iden- 
tical distribution in any ultracentrifuge provided that the resolving power, 
1/a, is kept constant. Since this is proportional to the field of force, the 
particle weight, and the radial length of cell, there is no theoretical dif- 
ference whatsoever between cells of different dimensions so long as this 
product is maintained constant. 
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The polymerization of cyclopropane, cyclopentene, and cyclopentane 
by a-particles from radon has been reported (5). The polymerization of 
cyclobutane and cyclobutene by treating with radon Kai^been carried 
out to complete the information for the first five members of the series of 
saturated polymethylenes and to increase the data available for the 
unsaturated series. The bombardment of cyclobutane by a-particles is 
of especial interest on account of the anomalous behavior of the hydro- 
carbon. For example, the ring is opened on hydrogenation at tempera- 
tures only somewhat over 100°C. or on bromination. Then, too, the 
ring breaks rather readily at two places, resulting in the formation of two 
molecules of ethylene or its derivatives (10). This behavior has been 
attributed to the presence of strains in the four-carbon atom ring. Baeyer 
(1) and others have pointed out that the valence angles of the carbon atom 
are distorted 9^44' in tetramethylene. 

The greater reactivity of cyclobutane suggests a larger value of the 
— M/N ratio than would be normally expected. On the other hand, the 
positive heat of formation (16.8 calories) from the diamond and molecular 
hydrogen, calculated by the method of Elharasch (7), suggests that the 
value for the —M/N ratio will be small, — about 2 (4). The negative 
heat of formation of cyclobutene (—6.0 calories), as well as its unsaturated 
nature, lead to the prediction of a value for — Af/iNT greater than 2. 

The summarized data for the action of radon on the polymethylenes are 
given in table 1. The value for ethylene (9) is included, since this gas 
may be regarded as the simplest member of the polymethylene series. It 
should be noted that cyclobutene, which has a negative heat of forma- 
tion, has a value for — M/N of 7.4, while the value of — M/iNT for cyclo- 
butane, whose heat of formation is positive, is 2.2. The values then agree 
with the relationship previously pointed out (4), The existing data are 
given in figure 1. 

With the exception of ethylene the value of the ratio A(H2 + CH4)/ 
— AHC decreases consistently with the increase in the ratio — M/A*. 
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TABLE 1 

Action of radon on polymeihylenes 
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The available data are given in figure 2. Cyclobutene and cyclobutanc 
act in a normal manner in this respect when bombarded with a-particles. 



A(Ha-CH^)x 100 

-AHC 

Fig. 2 . Plot of the ratio A(Hj -f CH 4 ) X 100/ - A HC against values of -M/N for 

the polymethylenes 

PREPARATION OP CYCLOBUTENB AND CYCLOBUTANE 

All attempts to prepare these hydrocarbons were unsuccessful 
until 1907 when WillstStter and Bruce (11) announced a synthesis 
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which involved ten steps with an overall yield of about 10 per 
cent.^ 

By going from cyclobutanecarboxylic acid directly to cyclobutylamine, 
the preparation of the acid chloride and the acid amide, and the Hofmann 
rearrangement of the acid amide to the amine have been eliminated. The 

TABLE 2 

Polytneritalion of cydobutene by alpha rays from radon 
H,C— CH 


Temperature, 26®C.; a — 2.42; t — 1.28;t8 — 3.09. Reaction sphere: volume — 
32.05 oc.; diameter — 3.94 cm.; E» » 0.01598 Curie 


TIMII 

RADON 

PBBSBVBB 

A(H+CH4) 
-AHC 1 
X 100 


^CiB, 

Days 

Hours 

Total 

CsH. 

H» + CHe 



per cent 

mm . 

mm . 

mm . 






100.000 

531.6 

531.6 

0 

0 




1.47 

98.904 

526.6 

526.6 

0 

0 

53.9 

7.2 


6.37 

96.053 

614.6 

614.6 

0 

0 

60.6 

6.8 


9.65 

93.019 

601.0 

600.3 

0.7 

4.9 

58.4 

7.8 


14.02 

90.019 

489.1 

487.4 

1.7 

7.8 

54.3 

7.3 

1 

0.83 

83.009 

461.1 

458.7 

2.4 

2.4 

54.3 

7.4 

1 

5.00 

81.520 

451.8 

447.9 

3.4 

9.3 

51.9 

7.2 

1 

10.33 

77.299 

440.9 

436.9 

4.0 

6.6 

54.6 

7.6 

2 

1.72 

68.878 

413.1 

407.4 

6.7 

5.8 

52.0 

7.3 

2 

6.38 

66.509 

405.8 

399.6 ! 

6.2 

6.4 

51.1 

7.4 

2 

13,67 

62.939 

394.8 

387.7 1 

7.1 

7.6 

52.9 

7.6 

3 

2.52 

67.186 

378.1 

370.3 

7.8 

4.0 

49.9 

7.3 

3 

9.11 

54.471 

371.0 

362.9 

8.1 

4.1 

46.7 

6.9 

4 

1.33 

48.224 

364.7 

345.3 

9.4 

7.4 

49.8 

7.4 

4 

8.78 

46.674 

348.6 

338.8 

9.8 

6.2 

46.1 

6.8 

5 

0.92 

40.381 

336,7 

325.6 

10.1 

2.3 

47.7 

7.2 

5 

9.78 

87.786 

330.0 

319.2 

10.8 

11.0 

47.7 

7.2 

6 

7.97 

31.989 

316.1 

304.3 

11.8 

6.7 

52.3 

8.0 

7 

3.63 

27.606 

306.6 

294.3 

12.3 

5.0 

47.7 

7.4 

9 

4.35 

19.153 

289.5 

276.7 

12.8 

2.8 

46.7 

7.1 

21 

1.58 

2.024 

258.1 

243.3 

14.8 

6.0 

47.1 

7.6 

Weighted average 

5.8 


7.4 


last step was particularly bad, since the yield was only 22 per cent. The 
elimination of these steps has resulted in an overall sdeld of 29.4 per cent. 
The vapor pressures of the hydrocarbons have been determined. The 
details of the preparation and the vapor pressure data will be published 
elsewhere. 

1 This yield is a composite one, since no one author gives the yields for each step. 
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ACTION OP a-PARTICLES ON THE HYDROCARBONS 

The gases were mixed separately with radon in the apparatus previously 
used. Shortly after the gases were mixed with the radon, a fog formed. 
Within a few hours droplets of a clear colorless liquid were deposited, 


TABLE 3 

Polymerization of cyclohutane by alpha rays from radon 
H,C-CH2 

I I (gaseous) —► liquid 
HjC — CHf 


Temperature, 25®C.; s * 2.78; i * 1.28; is » 3.66. Reaction sphere: volume - 
39.45 cc,; diameter * 4.22 cm.; Eq ■» 0.04571 Curie 


TZMB 

! 

RADON 

PBaSSUBB 

A(H+CH4) 

X 100 


•''fC4H. 

Days 

Hours 

Total 

CiH. 

^Ht+CHi) 



per cent 

mm. 

mm. 

mm. 






100.000 i 

589.1 

589.1 

0.0 


i 



3.02 

97.760 I 

585.7 

581.0 

4.7 

58.1 

135.0 

1.91 


6.40 

95.314 

577.8 

571.1 

6.7 

20.2 

154.5 

2.19 


9.65 

93.018 

670.8 

561.4 

9.4 

28.9 

162.4 

2.30 


13.37 

90.459 

662.9 

551.4 

11.6 

21.1 

153.5 

2.18 


23.42 

83.892 

542.9 

524.4 

18.6 

26.0 

167.2 

2.37 

1 

2.80 

81.791 

536.9 

616.0 

20.9 

28.6 

167.9 

2.38 

1 

5.67 

80.110 

532.6 

510.4 

22.2 

23.2 

143.9 

2.05 

1 

8.15 

78.576 

528.4 

504.8 

23.6 

25.0 

157.6 

2.24 

1 

13.92 

75,246 

519.5 

491.9 

27.6 

31.0 

169.5 

2.43 

1 

23.62 

69.968 

507.1 

473.4 

33.7 

33.0 

159.4 

2.30 

2 

3.47 

67.976 

502.3 

466.9 

36.4 

26.2 

151.8 

2.21 

2 

7.90 

65,756 

497.7 

460.6 

37.1 

27.0 

133.9 

1.96 

2 

14.25 

62.696 j 

491.6 

450.5 

41.1 

39.6 

158.1 

2.33 

3 

1.28 

67.722 

480.9 

434.7 

46.2 

32.3 

157.0 

2.33 

3 

8.87 

54.526 

474.7 

424.8 

49.9 

37.4 

157.6 

2.37 

3 

23.15 

48.990 

464.6 

409.3 

55.3 

34.9 

147.5 

2.25 

4 

8.22 

45.767 

458.6 

401.0 

67.6 

27.7 

139.2 

2.16 

4 

23.30 

40.874 

450.5 

387.8 

62.7 

38.6 

149.3 

2.35 

5 

23.27 

34.149 

440.4 

371.4 

69.0 

38.5 

140.8 

2.26 

6 

8.73 

31.810 

437.0 

365.2 

71.8 

45.2 

157.2 

2.56 

8 

8.42 

22.244 

424.2 

344.0 

80.2 

39.7 

136.4 

2.29 

11 

8.17 

12.989 

413.4 

326.4 

88.0 

42.0 

131.7 

2.31 

14 

0.00 

8.046 

406.5 

I 314.8 

91.7 

35.0 

146.8 

2.66 

Weighted averaire 

33.4 


2.28 


especially on the. lower hemisphere of the container. The viscosity of the 
products increased with the time of the action. The data are given in 
tables 2 and 3. 

The data have been interpreted according to the ion cluster theory of 
lind (8)| and the calculations have been made as described in previous 
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papers (3). That other interpretations are possible seems likely, since 
recently i<yring, Hirschfelder, and Taylor (2) developed a theory to ac- 
coimt for the radiochemical synthesis of hydrogen bromide, involving 
known processes of ionization, excitation, and neutralization of the ions 
to account quantitatively for the data. Hirschfelder and Taylor (6) have 
extended the theory to the corresponding reactions in carbon monoxide, 
oxygen, and carbon dioxide. 


SUMMART 

The synthesis of cyclobutane and of cyclobutene has been simplified, 
thereby increasing the yield threefold. 

These gases polymerize to liquids whose viscosity and color increase 
with the time of bombardment by a-particles from radon. The —M/N 
value of cyclobutane with a heat of formation of 16.8 calories is 2.3, and 
that of cyclobutene, having a heat of formation of —6.0 calories, is 7.4. 
These values agree with the relationship previously noted. The values 
of the ratio A(Ht -|- CH4)/— AHC decrease consistently with the increase 
in the —M/N value. 

Acknowledgment is made of a grant from the Graduate School of the 
University of Minnesota to aid in carrying out this work. 
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This paper is in the nature of a preliminary report on the phase rule 
behavior of sodium oleate and water, there being no previous study in 
the literature. The purpose of this investigation was to determine whether 
the sequence of phases intermediate between crystalline curd fiber phase 
and isotropic liquid, recently discovered (17, 18) in the case of anhydrous 
sodium palmitate also exists for sodium oleate, and, if so, to determine the 
relation between them and the phases existing in aqueous soap systems. 
The results obtained further serve to show once more that colloidal phases 
can participate in reversible equilibria exactly as described by the phase 
rule of J. Willard Gibbs. 

The present work gives a provisional model of the phase rule diagram, 
although much still needs to be done before some of the phase boundaries 
in the more concentrated systems can be regarded as finally established. 
Anhydrous sodium oleate appears to have five separate stable phases 
between 20®C. and its melting point at 241®C. Anhydrous sodium 
palmitate had five between its genot3^ic point (62®C.) and its melting 
point (292®C.). M. J. Void has now demonstrated the existence of an 
additional transition in anhydrous sodium palmitate at about 172®C. 
The new phase has been named ^‘superwaxy soap.'^ Each of these phases 
can dissolve some water before disintegrating, so the phase rule diagram 
shows a series of separate areas corresponding to the extension of these 
phases into the aqueous system. In addition, there are possibly three 
liquid crystalline solution phases, which exist only in the aqueous system 
and have no counterpart in the anhydrous soap. One of these, middle 
soap, has been familiar since its original discovery by McBain (5, 10). 

EXPERIMENTAL METHODS 

Materials 

Oleic acid, prepared by the Lapworth method, was obtained from the 
British Drug Houses, Ltd. It had an iodine number of 87.1. Sodium 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. Revised in proof. 
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oleate waa prepured from this acid by neutralisation (phenolphthalein 
as indicator) of a hot alcoholic solution with an alcoholic solution of sodium 
ethylate. Analysis of the dried product by standard methods gave the 
following results: real soap, 99.3 per cent; water, 0.5 per cent; free sodium 
hydroxide, 0.006 per cent. Allowance was made for the water in making 
up samples. The iodine number of the oleic acid recovered from this soap 
by acidification and ether extraction was only 81.2, while its molecular 
weight was 284.1. Preparation in an atmosphere of nitrogen did not pre- 
vent this decrease in the iodine number. The impurity introduced may 
not affect the phase behavior seriously, as is shown by the fact that the 
anhydrous material melted fairly sharply, over a 2-3‘’C. range, and by the 
fact that in the composition range between 0 and 25 per cent sodium 
oleate, where other results are available for comparison (4, 15), the solu- 
bility curve for curd fiber phase agrees within a maximum deviation of 
3° with that determined using independent samples of sodium oleate. 

The synthetic method 

This method consists of visual observation of the temperatures of phase 
change when a sample of known composition is heated or cooled. De- 
termination of the temperature (T{), at which a liquid crystalline phase 
first appears when isotropic liquid is cooled has already been described 
(7). Essentially the same procedure was followed in the present work. 
Temperatures were read on a thermometer calibrated under conditions of 
use by direct comparison with a series of standardized Anschutz thermom- 
eters and provided with a metal lag to make it follow the changing tem- 
perature of the soap sample more closely. The observation chamber was a 
small well-stirred air oven provided with glass windows. Crossed Pola- 
roids were occasionally used to facilitate detection of the first traces of 
anisotropic material. Individual values of r< are probably precise within 
2®C., except where middle soap is the saturation phase, where the un- 
certainty may be 5®C. 

Careful observation of the contents of the tube by transmitted light 
during slow cooling reveals several changes in addition to "Ti." Correla- 
tion of these changes with actual phase transitions is not always possible, 
since, while the appearance may be very different at two temperatures, 
the determination of a unique temperature at which the alteration began 
or became complete is frequently impossible. The changes in appearance 
consist of diminished translucence, sudden increase in the number of bub- 
bles in the sample, appearance of a milky opacity in the translucent 
liquid crystalline material, complete loss of opacity, etc. In samples con- 
taining from 56 to 85 per cent sodium oleate the apparent viscosity, judged 
by the ease with which the systems may flow under their own weight, goes 
through a pronounced minimum as the temperature is lowered, first in- 
creaong, then decreasing markedly, and finally increasing again. 
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The determination of as the temperature at which the last trace 
of curd fiber phase disappears on heating has also been previously de- 
scribed (7). This observation consists in attempting to determine visually 
the temperature at which the last trace of opaque ^ ‘solid'' disappears to 
form isotropic liquid or transparent jelly or translucent anisotropic liquid. 
It now seems certain that the actual observations in more concentrated 
systems (>45 per cent soap) may refer to disappearance of the aqueous 
counterparts of subwaxy or waxy soap, rather than only to transformation 
from stark white curd to the duller waxy form, and in some regions their 
significance is not yet clear (see table 1). In systems where isotropic 
liquid or jelly or middle soap are formed on heating, the transformation 
recorded as Tc is very sharp and its determination is precise within 1.5®C. 
That crystalline curd fibers are here the saturating phase is also indicated 
by the extensive undercooling that can be observed. In more concen- 
trated systems, where the change is much more difficult to detect, under- 
cooling does not seem to occur to an appreciable extent, the temperature 
obtained on cooling an 85.2 per cent system agreeing within 3®C. with 
that obtained on heating, thus supporting the hypothesis that one of the 
waxy phases is formed here on cooling, rather than crystalline curd fiber 
phase. 


Dilatomeiric studies 

The curve of specific volume versus temperature for anhydrous sodium 
oleate was determined in this laboratory by Mr. M. Macomber, using the 
technique described by Void and Void (18). 

The method has been extended to aqueous systems by M. J. Void and 
will be described in detail in a subsequent communication. In brief, 
samples previously homogenized by heating to isotropy are introduced 
into the bulb of a dilatometer, the remainder of the bulb and the lower 
portion of the capillary are filled with mercury, and the top of the capillary 
is sealed. The observed increase of volume with increasing temperature 
is a comi)osite of thermal expansion, phase changes in the soap, and forma- 
tion of steam. At high temperatures the latter is the dominant effect. 
Moreover, once a sample has been heated to about 120®C., the formation 
of vacuoles on cooling and occasional partial segregation of phases fre- 
quently vitiate subsequent results. The volume change accompanying 
complete transformation of one phase to another most usually occurs over 
a range of temperature in two-component systems, with the result that 
the “flats" readily detected with anhydrous soaps are replaced by curves 
of changed slope, more difficult to determine. Consequently the tempera- 
tures of phase change reported on the basis of this dilatometric work in 
aqueous systems must be regarded as provisional and can be accepted only 
where they are self-consistent and in accord with other data. Despite 
these reservations, however, the dilatometric investigation has yielded 
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TABLE !• 
Visual observations 


BOmUM OUBATB 

Ti 


DBTBLOPMBMT 
or BVBBLB8 ABB 
PABHAL LOSE OF 
TBANnVCENCT 

BBVBLOPMBXTT 
or OBBATBR 
OPACITY 

per cent 

•c. 

•c. 

•c. 

•c. 

1.53 


20.1 



3.55 


24.2 



5.05 


23.6 



9.87 


24.1 



14.9 


24.9 



17.4 


25.6 



20.2 


26.6 



20.9 


27.2 



22.5 


27.4 



24.0 


27.8 



25.0 


28.5 



27.4 

58 

31.6 



30.0 

80 

32.6 



32.5 

92 

32.4 



35.1 

117 

33.1 



37.6 

127 

32.8 



40.0 

133 

34.0 



42.7 

123 

33.5(36.0) 



45.0 

102 

33 (35.7) 



46.2 

127 

33 



47.5 

152 

32 (41.2) 



50.5 

177 

33 (48.4) 



52.9 

197 

33.6(56.7) 



55.3 

215 

33 (64.2) 



60.6 

239 

34 (70.3)‘ 



65.3 

247 

36 (75.6) 

180 


68.5 

252 

42.6(77.6) 

210 


73.5 

256 

49 (80.7) 

230 

132 

74.3 

255.5 

(80.1) 

189 

130 

76.0 


(78.7) i 


143 

77.5 

255 

66 (79.0) 1 

205 

101 


OTBSB CBAMOS8 


•c. 


80 


120 


♦ Up to 73.6 per cent sodium oleate the **Tc” values given in table 1 probably refer 
to the disappearance of curd fiber phase. In more concentrated systems the values 
reported as probably refer to the disappearance of subwaxy or waxy soap. 
S 3 rstems containing 74.3 per cent or more of sodium oleate all appeared to change 
from glassy white to dull cream color at a temperature near 48*^0. or slightly lower. 
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TABLE 1 — Concluded 


BOPXUM OLBATS 

Ti 


DBVXLOPMBNT 
or BUBBLXB AND 
PABTXAL LOBS OF 
TRANBLUCBNCT 

DEVELOPMENT 
OF GBEATEB 
OPACITY 

OTBEB CHANOEB 

weight per cent 

•c. 

•c. 

“cr. 

“C. 

•c. 

80.8 

253 

77 (81.0) 

173 


222 

85.0 

251 

99.2 

205 


222 

85.2 

251 

98 (97.0) 

166 



88.3 

243 

113 

204 



91.0 

239 

127 

215 



93.4 

234 

142 




95.0 

235 

165 


85 


96.4 

200 





97.3 

230 

190 


101 


98.3 

233 

199 


92 i 


99.5 

241 

196 


106 



TABLE 2 


Data obtained by the dilatomeiric method 


BODIUM OLEATE 

TEMPEBATUREB OF INFLECTIONB IN VOLUMB-TEMPEBATURE CUBVEB 

weight per cent 

•c. 

54.0 

37; 64; 73; 89; (69)* 

58.8 

32; 68; 88 

69.3 

32; 45; 78; 90 

72.8 

39; 51; 70; 78; 94 

79.3 

36; 72; (61) 

80.6 

41; 65; 70; 92 

89.0 

78; 103-108; (56; 155; 166; 183) 

91.5 

47; 69; 108; (61; 85; 98) 

94.7 

37; 60; 80; 98; 224 ; 237 

96.7 

47; 199 

100 

68; 122; 179; 201 


* Values inclosed in parentheses are less certain than the others listed for the 
same sample. 

significant information, especially at temperatures below 110®C. with sys- 
tems containing more than 50 per cent soap, where most other methods 
used are not applicable. 

The results of these dilatometric studies are contained in table 2. 

Vapor pressure determinations 

The utilization of isothermal vapor pressure-composition curves for the 
determination of the phase behavior of soap systems has already been 




1218 


ROBERT J>. VOhD 


discuased (16). The sorption balance devised by McBain and Bakr (6) 
has been adapted to measurement of vapor pressures by an isopiestic 
method. A 16-mg. sample of soap is hung in a small platimun bucket at 
the end of a calibrated fused silica spring in the upper portion of a sealed 
evacuated tube whose lower portion contains water. The composition of 
the sample at a fixed temperature is determined as a function of the vapor 
pressure, maintained at any desired value by a thermostat surrounding the 
lower portion of the tube, by observing the extension of the spring with a 
travelling microscope. The author is indebted to Dr. J. L. Porter for 
assembly of the apparatus, the details of which will be given in papers 
shortly to be communicated by McBain, Void, Porter, and Void. 

Measurements have been made in duplicate at 101 .5®C. of the vapor 
pressure of water above samples of sodium oleate containing from 0 to 35 
per cent water. While the behavior in systems containing less than 7 
per cent water is still not thoroughly understood, undercooling or lack of 
reversibility being the probable origin of the effects observed, the curves 
yield one result of phase rule significance. The vapor pressure appears 
to be independent of composition between 89.9 and 84.8 per cent sodimn 
oleate, showing that two condensed phases coexist in this range. The 
two samples were in agreement as to the compositions at the extremities 
of the flat within 1.5 per cent. 

Microscopic observations 

Microscopic observations using crossed Nicols were made with systems 
of given composition both on heating and on cooling in order to supple- 
ment the results obtained by the synthetic method. The microscope, hot 
stage, and method of temperature measurement were the same as those 
already described (18). Samples were prepared by transferring a small 
lump of soap of the desired composition from a reservoir tube to a small 
flattened glass capillaiy, which was then sealed. Uniformity was ensured 
by prior homogenization of the reservoir sample at temperatures above 
its melting point to isotropic liquid. The finished microscope cells were 
about 17 mm. long, 2 mm. wide, and 0.2 to 0.6 mm. thick, internally. 
Prior to microscopic examination, each cell was heated well above its 
Ti, so that the soap might run together to form a coherent mass. Con- 
siderable change in composition can occur during preparation of a sample 
in this manner. The final composition of each sample was determined 
from the microscopically observed Ti by reference to the previously de- 
termined Ti-composition curve. The validity of this procedure was 
checked by comparing microscopic Ti values with the macroscopic curve 
for a few samples prepared by weighing the soap and water directly into 
the cell on a semi-micro balance. 

The principal eiq)erimental difficulty encountered is the t^dency for 
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inhomogeneity of composition to develop, owing to distillation of water 
from hotter to cooler portions of the cell. This difficulty was minimized 
by middng the cells as short as possible, by supporting the cell out of con- 
tact with the walls of the hot stage on a ^ass slide, etc. In general, was 
determined both at the beginning and at the end of a series of microscopic 
observations, and results on samples which were found to have fractionated 
were discarded. Nevertheless, it seems likely that some undetected frac- 
tionation may have occurred and been responsible for some of the erratic 
results obtained. 

In general, a magnification of about 175 diameters was used. With 
such thick samples (0.2 to 0.6 mm.) the whole field of view is not all in 
focus simultaneously, and characteristic optical figures may be difficult 
to recognize. However, concealment of genuine phase changes by spurious 
maintenance of the physical form of a phase oriented at a glass surface to 
temperatures considerably higher than the true transition temperature is 
minimized by this procedure. 

All the results of microscopic observations are summarized in table 3. 
The values of Ti are the average of four or more determinations made on 
both heating and cooling and usually agreeing within 2°C. 

To is the temperature at which isotropic liquid first appears on heating. 
The contrast between dark isotropic liquid and bright liquid crystal be- 
tween crossed Nicols is so great that this observation can be made as 
precise as Ti determinations. In a composition range near 60 per cent 
sodium oleate, isotropic liquid and liquid cr 3 rstal are present together in 
two separate temperature ranges. In these systems it is possible to ob- 
serve not only the temperature of first formation of isotropic liquid but also 
temperatures of sudden increase or decrease in the proportion of isotropic 
liquid. 

Some phase changes not involving isotropic liquid can also be recognized 
by the accompanying characteristic change in appearance. One of these 
is the change from a dull stippled structure to the coarse bright golden 
structure characteristic of phase B (compare, for example, figures 15 and 
6). Other such changes are those marked by a pronounced increase in 
brightness of the field of view, as recorded in columns 4, 5, and 6 of table 3. 

Frequently observations at fairly well separated temperatures show that 
the structure of a sample has changed, but the temperature at which the 
change occurs can not be closely determined because of the gradual re- 
placement of the one structui^ by the other. Figures 4 and 5 show the 
characteristic appearance associated with phase A, figure 6 is illustrative 
of phase B, figure 7 of phase B probably mixed with some isotropic liquid, 
and figure 8 of middle soap (at low temperatures). 

Sometimes there is no significant change in appearance at a composition 
and temperature where a phase change is definitely known to occur on the 



TABLE 3 

Apparent transition temperatures obtained by microscopic observations 
TncnmATtTBM at wmoR obahobs 4 to 18 oooua 
4 6 6 7 8 9 10 11 18 18 

•C. ‘C. *C. ’C. *C. ‘C. ‘C. *0. 

85 

? 41 82? — 106 — — — B28? — 

52 78? — |63| — — 

— 48 — — — — 80? — fl26]?ri44\? 

]l53[?\167J? 

[203]? 

? 34 — — — — 185 208 162 131 

40 68 — — — /113T\ 129 200 — — 

\l29i/ 

40 57 — — — /I15t\/ll6t\ 150 — — 

\l02i/\l02i/ 

37 46? 104 — — 181 fl44T\ — — — 

\l63i/ 

77? — 89? — — 108? 108? 186 — — 

38 58 47 — — ? — f 107\ — — 

\203J 

93? 115 186 — 136? — 215 — — 

? 58? — — 143? 99 — 123 — — 

? 62 103 159 122 207 fl79t\ — — — 

\l92i/ 

42 63 77 — 187 93 — 126? — — 

49 64 100 158 181 — — 196 — — 

65 — 109 207 220 — — — — — 

The changes occurring at the temperatures designated may be briefly summarized 
as follows: 4, change from featureless curd to the first visible structure; 5, increase 
in brightness, color change from dull yellow to whiter yellow, more pronounced 
structure visible; 6, marked increase in brightness, slightly coarser structure, all 
dull patches gone, much whiter golden color; 7, some softening, some development 
of polarization colors, development of a medium coarse structure; 8, great increase 
in brightness and in the variety of polarization colors, appearance of somewhat 
larger rounded structures; 9, formation of a very coarse structure of round<^d velvety 
areas, very bright golden color; 10, formation or disappearance of ‘'palisade struc- 
ture*' (figure 10); 11, uncertain changes of questionable reality; 12, faster rate of 
melting or reformation of isotropic liquid on further heating; 13, increase in amount 
or reformation of liquid crystal on further heating. 

Values of Tt marked with an asterisk were determined on samples whose composi- 
tion was independently known by weight. Dashed spaces in the table mean that 
the transition in question was not observed. Blanks in the table mean that the 
sample was not adequately studied over that temperature range. Question marks 
may indicate doubt concerning proper classification of the observed change, the 
reality of any change at that temperature, or the correctness of the temperature 
reported for the observed change. In addition to the transitions reported in the 
table, the 58.8 per cent and 57.2 per cent samples underwent a change at 50** and 63‘*C., 
respectively, to a coarse mottled structure, similar to that of middle soap at low 
temperatures. 


Ti 

SOnXTTM 

OLBATB 

Te 

•c. 

1 weight 
per eent 

•c. 

127* 

36.3 

106 

95* 

43.8 

70 

168 

49.1 

69? 


52.8 

81 

224 

57.2 

72? 

230 

58.8 

{“'} 

243 

63.3 

(70 J 
236 

249 

67.0 

240 

254 

71.3 

248 

242 

89.0 

235 

240 

90.3 

230 

238* 

91.5 

225 

236 

92.0 

224 

231* 

94.4 1 

226 

234 

95.0 

218 

213* 

96.5 

202 

242* j 

99.5 

— 
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basis of other evidoiK^e. Waxy soap (phase III) (see figure* 2) has not 
yet been distinguished microscopically from superwaxy soap (phase II) 
in this system, desy)ite the dilatometrically established transition temper- 
ature between the two at 179°C. 

Characteristic optical forms, some of which develop when the system is 
held at constant temperature for an hour or so and some* of which appeal' 
immediately on formation of liquid crystal from isotropic liquid, are shown 
in figures 9 to 14. 

Despite its limitations, tlu* microscopic mi'thod has proved very useful. 
In some instance's the characteristic appearances have served to distinguish 
one i)hase from another, thus supporting the hypothesis of their separate 
existence, even though they are not adequate to fix the boundaries quanti- 
tatively. However, it is the general conclusions from thc^ totality of the* 
data that an* significant, rather than the individual observations. 

Phase separaiion 

Th(‘ mechanical separation of the phases (‘oexisting at equilibrium in 
soap syst(*ms and analysis of the two layers is usually impossible, becaust* 
the high viscosity of the phases and the small diff(*rences in their density 
mak(‘ spontaneous separation, if any, slow and incomplete*. One exception 
to this (‘ommon (*xp('rience is the equilibrium involving phase* B and iso- 
tropic liquid. On standing 24 hr. in an air oven at constant temp(*ralure, 
systems in this range of composition separate into an uppt*r liquid crystal- 
line* layer and a lower isotropic layer. The compositions of the two layers 
can be* calculated from their relative* volumes (measured by their relative 
he*ight8 in a e'ylindrical tube) in any pair e)f systems at the same* tempe*ra- 
ture* by me*ans of the usual tie*-line relation. This pre)cedure was employed 
with five* to eight tubes at nine temperature's; the* results are shown in 
table 4. 

In addition, sevente'cn tubes varying in com])osition fremi 25.0 to 96.0 
per e*ent sodium ole*ate were hung in a vie*wing thermostat and e)bse*rved 
at 54°, 64°, 74°, 85°, and 95°(^. The*y were then examined in air between 
crosse'd Polare>ids, and up-ended and tapjied to observe flow proj)erties. 
In general the appearance of these systems was in accord with the j)re- 
sumed phase relations deduced from the preceding data. For example, at 
74°C. a series of tubes arranged in order of increasing soap conct'iit ration 
were found to have the following appearance: (/) mobile, light yellow, 
transparent, isotropic liquid; (^) stiff mixture of practically transparent 
anisotropic middle soap and isotropic liquid; (3) homogeneous, transparent, 
anisotropic middle soap which barely flowed; (4) mixture of middle soap 
and isotropic liquid, which flowed stiffly; (3) two-layer systems with a 
sharp interface, consisting of rather transparent anisotropic material on 
top (like settled neat soap) and isotropic liquid on the bottom, flowing 
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easily; (6) milky yellow, anisotropic, plastic material (soap boiler^s neat 
soap) which flowed stiffly but fairly easily; (7) heterogeneous mixture 
of this neat soap and opaque, white, waxy or crystalline material, either 
rigid or barely flowing; and (8) nearly white, opaque, solid material. In 
order to harmonize the observations with the suggested phase rule diagram 
it is necessary to assume that the milky yellow material noted under (6) 
and the clearer, anisotropic material noted under (o) do not differ in a 
phase rule sense. 

According to the diagram, as soap concentration is increased at 74°C. 
the system should go through the following phase changes: (7) isotropic 
liquid to 28 per cent; {2) middle soap and isotropic liquid from 28 to 

30.7 per cent; (3) middle soap between 30.7 and 41.7 per cent; (4) middle 
soap and isotropic liquid from 41.7 to 43.4 per cent; (o) isotropic liquid 
between 43.4 and 43.7 per cent; (8) isotropic liquid and neat soap betwc'en 

43.7 and 69.5 per cent; (7) neat soap between 69.5 and 79.8 p(*r cent; 
(8) neat soap and waxy soap from 79.8 to 84.6 per cent ; (8) waxy soap 
between 84.6 and 85.5 per cent; (W) waxy soap and subwaxy soap from 
85.5 to 90.4 per cent; and (77) subwaxy soap betwt'en 90.4 and 100 per cent. 

EXPERIMENTAL RESULTS 

A possible phase rule diagram (figure 17) can be suggested on the basis 
of the preceding data. 

The boundary of the field of isotropic solutions is uniquely and accu- 
rately determined by the data (table 1), together with that portion of 
the Tc data referring to formation of isotropic: liquid on heating. Experi- 
ments with another supply of sodium oleate (Merck) gave a 7\ curve 
qualitatively similar to that shown but differing from it by about 10°(^ 

The boundaries outlining the field of existence of middle soap are reason- 
ably well established by the Tc curve, by the three observations of ?"() 
shown in the figure, and by the fact that the middle soap boundary must 
touch the Ti curve at its maximum point with a horizontal tangent. The 
Tc curve at the bottom of the middle soap region is so flat that its exact 
course can not be determined from the experimental points. It was 
drawn as shown by analogy with the behavior of other soap systems. 

The temperature (70®C.) at which neat soap, middle soap, and isotropic 
liquid are all in equilibrium is determined by the three To observations 
shown in the diagram and by the fact that below this temperature both 
the phases in two-layer systems were anisotropic between crossed Polaroids. 
However, there is some microscopic evidence tending to show that pos- 
sibly isotropic liquid may be present at temperatures down to nearly 60*^0. 

The evidence that phases A and B may be isolated and have no counter- 
part in anhydrous soap lies principally in the great difference in the 
microscopic appearance of the samples. Within the boundaries of phase B 
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as duram, samples have the type of appearanee shown in figure 6, while 
more concentrated systems do not show marked differences from the ap- 
pearance of the anhydrous soap phases shown in figures 1 to 3. Moreover, 
samples containing more than 90 per cent sodium oleate show a large 
numW changes as the temperature is raised, whereas samples con- 
taining between 80 and 90 per cent soap show little change over a wide 
temperature interval within the area assigned on the diagram to phase B. 

The lower boimdaries of phase B are indicated by T«, vapor pressure 
data, and phase separation data, together with visual and microscopic 
observations. Some uncertainty is introduced by the fact that in addition 
to the To points defining the curve, rather reproducible observations were 


TABLE 4* 

Fintol obawvation of tepcaration of phaaet 


NvHasB or BTsraitt 

ITBBO 

TaMPmATUBB 

coMPOsmoir, limQBS pbb cbmt NaOl 

Liquid ciTBtal 

iMtropio liquid 


•c. 



4 

146 

60.7 =fc2.0 

48.1 ±1.6 

4 

137 

63.6drl.0 

45.4 ±1.1 

5 

127 

66.7 ^1.8 

43.2 ±2.0 

7 

112 

67.4 d:0.6 

46.5 ±0.4 

5 

107 

70.0 d=3.1 

44.7 ±1.7 

5 

99 

68.8 ±1.4 

44.5 ±0.8 

5 

89 1 

69.6 ±1.0 

42.6 ±2.3 

6 

82 

69.7 ±1.5 

41.7 ±1.6 

6 

71 

69.1 ±0.8 

40.1 ±1.1 


* Values at 89°, 82°, and 71 °C. were obtained after the sealed glass tubes had been 
left at room temperature over the summer following storage at temperatures between 
70° and 100°C. for about a month. This may account for the apparent abrupt shift 
in the value of the composition of the isotropic liquid at these temperatures. 

also made of a set of temperatures at which the soap system became oon- 
mderably more translucent. The course of^the curve defined by these 
observations is indicated in figure 17 by the black dots crossing the neat 
soap region at 80^C., according to the values placed in parentheses in 
table 1. Although this is a perfectly real chmige in appearance it is our 
present presumption that it does not denote any change of phase, but this 
ooncluacm still needs confirmation by more objective experimental 
evidence. 

Tbe reality of the uppa: boundary of soap boiler’s neat soap (phase B) 
is still inde^te. Its u{^ier temperature IL^t, at which phases A and B 
and isotroi»e liqukl com^ seems defined by the flat in the To curve at 
221^, and 91.5 to 94.4 per cent sodium (fieate. Ihe To curve and the 
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curve defined by phase separation data, extrapolated, seem to indicate a 
similar break at 166°C. between 55 and 58.5 per cent soap. Also, the Tt 
curve may have a slight inflection near Zn this region of composi- 

tion and temperature, liquid crystal was observed to form frcan isotropic 
liquid on heating, as would be expected from the diagram as drawn. 
Finaily, in the region represented as containing the two phases A and B, 
the apparent viscosity goes through a minimum, as might be e3q)ected of 
a heterogeneous mixture. Microscopically, phases A and B display certain 
characteristic differences as shown in figures 4, 5, and 6. On the basis of 
all these indications the lower boundary of phase A and the upper boundary 
of phase B are dotted in as shown. 

The name “phase A” is only a tentative designation and should be 
replaced by a more satisfactory terminology such as “supemeat soap,” 
if its separate existence is confirmed. Historically, “neat soap” (phase B) 
is always used for the soap layer present in the kettle during the fitting 
and settling process (co. 69 per cent soap, ca. 100®C.). A discontinuity 
is here indicated between the neat soap of the soap boiler and the anhy 
drous phases. The phase which may be called “anhydrous neat soap” 
does not appear to exist for pure sodium oleate (M. J. Void and M. Ma- 
comber, unpublished work). 

The transition temperatures between the different phases of anhydrous 
sodium oleate at higher temperatures are fairly well established from the 
dilatometric data. The positions of the boundaries of these same phases 
in the aqueous systems are inferred largely from microscopic observations, 
confirmed in some instances by dilatometric points. The positions of the 
various invariant temperatures marking the coexistence of three con- 
densed phases are suggested partly by flats and inflections in the Tc curve 
and partly by changes in microscopic appearance or inflections in dilstom- 
eter curves. 


DISCUSSION 

Applicability of the phase rule 

The colloidal state is sometimes regarded as “autonomous,” and it is 
assumed that the classical laws of physical chemistry, as, for example, the 
phase rule, are of only limited validity in such systems (2). However, 
McBain (12) and McBain and McBain (12a) have demonstrated true 
reversible equilibria between colloidal sols and molecular solutions as 
wdl as crystals, and McBain, Void, and Void (13), in discussing the appli- 
cation of the phase rule to soap systems, concluded that it must apply 
directly in its classical form, since, when time is allowed for the realization 
of true equilibrium, the state of a soap system is governed solely by temper- 
ature, pressure, and composition. The applicability of the phase rule is 
governed not by whether or not the system is claaed^ as colloidal but by 
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whether there is established a final equilibrium that depends only on tem- 
perature, pressure, and composition, independent of the process by which 
these variables are brought to their final values. 



COMPOSITION (weight PER CENT SODIUM OLEATE) 

Fig. 17. Phase rule diagram of the system sodium oleate-water. O, Tf, Tt‘, 
#, dilatometric results; O, vapor pressure results; 0, T,\ @, "7’,” obtained on 
cooling; O, data from phase separation; •, small black dots representing changes 
in visual appearance of doubtful phase significance. 

The diagram itself (figure 17), which is an expression of the realization 
of these conditions, is the most convincing demonstration of the applica- 
bility of the phase rule to these soap systems. The existence of quasi- 
crystalline particles in clear, transparent, isotropic, non-hydrolyzed soap 
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solutions has recentiy been demonstrated by means of x-rasrs (3). Spe- 
cific instances of conformity to the predictions of the phase rule in equilibria 
in which this colloidal isotropic liquid is one of the participating phases 
may be pointed out. For example, the temperature of disappearance of 
curd fiber phase is independent of composition over the composition range 
where both middle soap and isotropic liquid are formed in the process, 
i.e., F = c-f-l— pfora condensed system, = 2-Hl— 3 = 0, where 
three phases are simultaneously present. Identical results were obtained 
for the portion of the r« curve involving melting to isotropic liquid by both 
heating and cooling, and it was shown that values obtained after 3 months 
checked exactly those obtained with freshly prepared samples. A similar 
independence of aging was noted by McBain and collaborators in the case 
of the sodium palmitate system (10, 11). Again, despite the relatively 
large experimental error of the method, the data of table 4 show that the 
usual tie-line law is obeyed. 

Undercooling 

Although equilibrium can be realized, soap systems may often persist 
for considerable lengths of time in an unstable state. Sodium oleate 
middle soap, imdercooled with respect to formation of curd phase, often 
lasted several days and required months for complete curding even after 
the process was initiated. Curd fibers possibly require years to reach a 
final equilibrium (4, 14). In general, sodium oleate ssrstems appear to 
undergo various phase changes much more slowly than do the saturated 
soaps. Some of the difficulties experienced by Smith (15) in his experi- 
ments with sodium oleate extending over only a few hours may be ascrib- 
able to this fact. 

It has been a matter of common experience (8, 10, 11) that undercooling 
does not occur with respect to formation of liquid crystal from isotropic 
liquid, this fact having a theoretical foundation by analogy with the deduc- 
tion from kinetic theory (10) that undercooling can not occur with respect 
to formation of two liquid phases. This same generalization also applies 
to the sodium oleate system, except that in one case, that of a 36.3 per cent 
soap system, the isotropic liquid was undercooled from 130°C. to room 
temperature, as was evident from its appearance in the microscope between 
crossed Nicols, and formed middle soap only on subsequent heating. This 
phenomenon is doubtless due to the existence of a fairly high degree of 
molecular order in middle soap. Again, while Ti was perfectly repro- 
ducible in ssrstems forming phase A from isotropic liquid, thereby proving 
that no inhomogeneities of composition had developed during study of the 
sample, the complete disappearance of the isotropic liquid was often very 
tiow, sometimes not being complete until as much as SO^C. below the tem- 
perature at which isotropic liquid first appeared on heating. 
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OrieniaUon at surfaces, etc. 

At the edges of bubbles, or in thin layers in contact with glass, the 
liquid crystalline phases may be highly oriented and may sometimes per- 
sist to temperatures as much as 7®C. higher than in the bulk of the soap. 
This effect may be analogous to the transmission of surface forces over 
macroscopically observable distances through an adhesive film so that the 
breaking strength of the adhesive itself is determined by the materials that 
it joins (9). This behavior at the surface is not described by the usual 
form of the phase rule, but it is a phenomenon occurring only at the surface 
of the bulk phase, and so does not affect the application of the phase rule 
to the bulk of the system. 

In one case (96.5 per cent sodium oleate) — for three independent micro- 
scopic samples — dull anisotropic patches were present in the isotropic 
liquid at variable temperatures 8°C. to 45®C. above T, (200“C.). Al- 
though these clusters formed repeatedly in this system, they could not be 
confused with the reproducible formation and disappearance of bright 
liquid crystal at Ti. Possibly they are oriented groups of molecules anal- 
ogous to tactoids and probably do not constitute a separate phase. 

Nature of the liquid crystalline phases 

The succession of phase changes in anhydrous sodium oleate as the tem- 
perature is raised seems to be the same as that already reported for anhy- 
drous sodium palmitate, the only difference being that sodium oleate 
apparently has one less transition (18). It is reasonable to assume that the 
difference from one to another is in the degree of regularity of arrangement, 
rather than solely in crystal form or its liquid crystal equivalent. The 
idea has been advanced (18) that the large number of transitions constitute 
a stepwise disintegration of the soap lattice, resulting from very great 
differences between the strength of the crystal forces in different direc- 
tions. 

These anhydrous phases do not appear to be capable of dissolving much 
water without losing their identity. In general, addition of even small 
amounts of water lowers any given transition temperature significantly, 
corresponding to a marked weakening of the residual crystal forces respon- 
sible for the stability of the phase. When the water content exceeds a 
maximum value of 3 moles of water per mole of soap, the succession of 
homogeneous phases is no longer observed, but instead a smaller number 
of liquid crystalline phases capable of containing much larger amounts 
of water seem to be formed. 

Published diagrams for other soaps (7, 11) do not show the maximum in 
the Ti curve denoting the presence of phase A. As yet unpublished ex- 
periments of Miss Mary Frick in this laboratory show, however, that it 
does exist for sodium stearate, sodium palmitate, and probably for sodium 
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laurate, and is therefore not a peculiarity of the unsaturated soap, sodium 
oleate. 

The characteristic optical forms shown in figures 9 to 14 are all recog- 
nized^ (1) as characteristic of the smectic type of liquid crystal. However, 
the laiie focal conic structure shown in figure 9 has been found only in 
middle soap, and has not been observed with supemeat or neat soap. 
Again, middle soap has not been observed in the form of batonnets, an 
orimitation very common to supemeat and neat soap as well as to the 
sulmeat phase of anhydrous soap. Small, round, curiously marked and 
bounded figures, one of which is visible in the lower left center of figure 11, 
are formed with neat soap in equilibrium with isotropic liquid or middle 
soap at temperatures below lOO^’C. Consequently, although all these 
phases seem to be of the smectic type, there may be some structural 
differences between them. 


StnOHABT 

A partial study of the phase rule behavior of the system sodium oleate- 
water has been carried out using many independent methods, including 
visual observation of the temperatures of phase change, dilatometric 
experiments, isothermal vapor pressure determinations, phase separations, 
and microscopic examination between crossed Nicols. It has been found 
that a much larger number of separate phases exist than had previously 
been recognized in 83 rstemB of soap and water, although the data are not 
yet sufficient to define all the phase boundaries. 

All the equilibria, in so far as these have been determined, and including 
those in which the participating phases are colloidal in nature, have been 
successfully represented on a phase rule diagram in which the sole inde- 
pendent variables are temperature and composition. 

The successive phases of anhydrous or nearly anhydrous sodium oleate 
occurring with rising temperature may represent stepwise disintegration of 
the crystalline lattice, each phase being less regular than its predecessor. 
The separate aqueous liquid crystalline or anisotropic liquid phases, which 
may have no anhydrous counterparts, are all smectic in type, as shown by 
their characteristic optical properties. 

The author wishes to express his appreciation to Professor J. W. McBain 
for many valuable discussions during the course of this investigation. 
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A Manual of Radioactivity, By Georgs Hevbsy and Fritz Panbth. Translated 

by R. W. Lawson. Second English edition, xvi -|- 306 pp. Oxford: University 

Press, 1938. Price: $5.50. 

This is the second English edition of the well-known textbook on radioactivity. 
It is not a translation of the second German edition (1931) but is a complete and a 
thorough revision of the subject matter up to date. The authors are well known for 
their researches in radioactivity and particularly in the field of radioactive indica- 
tors, which they have introduced in the investigations of problems in physics, 
chemistry, and biology. The book is excellent for the amount of material chosen 
for a textbook, the subject matter itself, and the presentation of the science of 
radioactivity and the artificial disintegration of atoms. 

The textbook is divided into twenty-six chapters. The introductory chapter 
deals with the disintegration theory of radioactive atoms, the phenomena observed 
as a result of the action of the emitted radiation on matter through which it passes, 
and the utilization of these effects in the study of what is happening to the radio- 
active atoms. The electrical method of study, including also the Geiger counter, is 
particularly stressed. The following five chapters deal with the radiations known as 
alpha, beta, gamma, secondary, and recoil rays. Under the heading of secondary 
radiation, characteristic x-rays are dealt with in some detail. The processes of 
ionization are also clearly pointed out, where charged particles produce the effect as 
well as where a quantum of energy is involved. The nature of the rays, as well as 
the effects produced by them, are considered in sufficient detail. Positrons and 
neutrons receive adequate consideration in chapter VII. 

Chapter VIII, entitled ‘‘Constitution of the Atom and Radioactive Rays^^ seems 
to be improperly labelled. It considers Bohr's theory and admirably presents its 
elements and a picture of the electronic structure. Simple mathematical (appendix) 
discussion is given and reference is also made to de Broglie's wave theory of matter 
and Schrodinger’s equation. 

Chapter IX deals with the nucleus. It gives the historical development of the 
idea of the nuclear atom, the conception of isotopes, the potential barriers existing 
to the penetration of charged particles in either direction, the nuclear energy levels, 
and the emission of alpha, beta, and gamma rays. 

The next five chapters are devoted to the study of the transmutation of elements, 
whether they are natural or artificially radioactive substances. The theory of dis- 
integration is developed from the mathematical point of view, and formulas are 
deduced (a) for cases of radioactive series starting with the parent substance alone 
and (5) for the case of initial radioactive equilibrium. Considerable space is devoted 
to the three natural series and to the discussion of the half-value period in its relation 
to the energy of disintegration of the atom. 

Chapters XV to XVII deal with the chemical properties of natural radioactive 
substances, their position in the periodic table, bringing out the displacement law 
for alpha or beta emissions, and with isotopes. Chapter XVI II continues the dis- 
cussion of radioactive isotopes as radioactive indicators in application to problems 
in physios, chemistry, and biology, in which field the authors have made the initial 
and greatest contributions themselves. 
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Methods of studying non-radioactive isotopes by various physical means and 
modes of their separation are given briefly in the following three chapters. 

The remaining chapters (five) are devoted to the consideration of the preparation 
of radioactive substances, the chemical properties of individual radioelements, 
various effects of the radiations, problems of the age of minerals, and cosmic rays, 
A short appendix describes the cyclotron. The text is supplemented with fifty- 
seven tables and fifty-four figures. 

The book should prove to be an excellent text for honor students in the natural 
sciences. 

Alois F. Kovaeik. 

A Tr^atiae on Light, By R. A. Houstoun. 22 x 14 cm: xi + 528 pp.; 8 plates. 

London: Longmans, Green and Company, 1938. Price: 14/-. 

This new edition of Dr. Houstoun’s standard treatise shows signs of a thorough 
revision, and new matter has been incorporated in places to amplify the older work. 

A new chapter, forming a good general introduction to the quantium theory, has 
also been added, but the general plan of the book remains unaltered. This has much 
to recommend it. 

The whole work is divided superficially into four parts but essentially into two, 
the first of which, in three sections, covers geometrical optics, physical optics, 
spectroscopy, and photometry. The remaining part, entitled “Mathematical 
Theory”, supplements more particularly the sections on physical optics and spec- 
troscopy. This arrangement enables due emphasis to fall upon the physical concepts 
involved, so that a proper balance is maintained between the different aspects of 
the subject. 

The newer applications of optical instruments receive consideration in this 
edition, but it is to be hoped that a later edition would allow space for a more ex- 
tended treatment, for example, of x-ray analysis, colorimetry, turbidimetry, and the 
Raman effect. The rapid strides made by the theory of spectra in recent years have 
had a revolutionary effect upon theories of the structure of matter and have placed 
a very valuable tool in the hands of the investigator. It is therefore rather dis- 
appointing to find that Dr. Houstoun should abandon this child upon the doorstep of 
“mathematical chemistry”. The student will, moreover, find no references to 
facilitate an introduction to this field. Throughout the work, indeed, the lack, in 
all but a few cases, of references to original works is to be considered a shortcoming. 

From other points of view this edition is well adapted to the use of students. 
The book is well got up, the exposition is clear, and the style is easy. A number of 
plates and the answers to the exercises have been added. The present edition gives 
the impression of a well-considered and, on the whole, an accurate and reliable work. 

J. W. PlIBBY. 

JKurze Oeachiehte der Katalyae in Praxia und Theorie, By A. Mittabch. 22 x 14 cm. ; 

viii + 139 pp* Berlin: J. Springer, 1939. Price; 6.60 RM. 

In this small book a historical survey of the development of the study of catalysis 
up to the present day is combined with a concise yet informative presentation of the 
main facts and theories of catalytic phenomena. All the important stages of de- 
velopment are reviewed, and the contributions of the numerous workers are clearly 
stated. The author emphasises the leading part played by Qstwald in reviving and 
extending studies in this field, and he continues the story to the present stage of 
investigation. The book is one that every chemist will read with pl^sure. 

J. R. Pabtibqtok. 
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